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ABSTRACT
Each species inhabits a unique niche. These niches can be defined by biotic or abiotic 
factors and animals evolve adaptations and behaviours to successfully exploit their 
niche. In this study I explore the niche of the Banded Sugar Ant, Camponotus 
consobrinus. I characterise the daily activity of this species that forages along the 
branches of Eucalyptus trees, a complex 3D environment. This species is 
crepuscular/nocturnal thus exposed to both dim and bright ambient light conditions, 
and appears to time outbound foraging activity to sunset throughout the year, although 
much less rigidly coupled compared to previously studied sympatric Myrmecia 
pyriformis. Activity onset occurs as a burst in outbound foragers during sunset and 
twilight periods, with few individuals returning to and leaving the nest during the night. 
Most individuals return to the nest in the morning, as sunrise approaches. I conducted 
temperature tolerance experiments with the aim of testing whether temperature might 
be an additional factor affecting the activity onset in this species.
Through displacement experiments I show that both inbound and outbound 
foragers exclusively attend to landmark information for navigation and my experiments 
demonstrate for the first time a species of ant that does not rely on path integration for 
navigation or a celestial compass. Interestingly, however, the search patterns of 
displaced foragers do clearly involve path integration.
Camponotus consobrinus recruits by tandem running where a recruit closely 
follows a leader. I characterise this behaviour and show by displacing recruits that they 
attend to landmark information for navigation, as well as that recruited individuals can 
also be experienced foragers. Further, I document dynamically changing tandem pairs, 
that is, apparently solitary foragers joining a tandem leader if her previous recruit has 
lost contact.
Lastly, I examine the functional anatomy of the apposition compound eyes of C. 
consobrinus with the aim of identifying adaptations that allow these ants to operate at 
extremely varying light levels. C. consobrinus possess large diameter rhabdoms (7.32 
pm) typical of night-active hymenoptera, but comparatively small facet lenses (20.81 -  
25.56pm). Light flux to the rhabdom is controlled by a variable primary pigment cell 
pupil that narrows the light path to less than 1pm diameter at high light intensities. I 
further present initial findings of newly emerged ants that show an almost complete 
lack of screening pigment granules in both pigment and retinular cells C. consobrinus 
possess an unusually prominent dorsal rim area (DRA) with very large modified, non­
twisting rhabdoms that are very likely to be polarization sensitive. However, I could not 
find evidence for the use of a polarization compass in this species. The results of
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experiments in which I occluded the DRA or the rest of the compound eye indicate that 
the DRA may mediate canopy orientation.
I discuss C. consobrinus activity patterns, navigational mechanisms, compound 
eye adaptations and their recruitment strategy in the light of their association with 
foraging trees, the navigational information content of their environment and possible 
reasons for the particular temporal niche in which these ants are active.
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Chapter 1: Living through the spectrum -  the Banded Sugar Ant
1.1 INTRODUCTION
Ants are among of the most diverse and successful of all animals. They are found in 
almost every major terrestrial environment outside the high Arctic and Antarctica and 
have adaptively developed strategies supporting the exploitation of a wide range of 
habitats. These strategies enable foraging individuals to search and navigate their 
environment for food, nest sites and other resources, and to recruit nest mates as 
contributors to the efficient exploitation of food resources. Many species have 
developed a variety of anatomical adaptations enabling them to operate in diverse 
niches (Hölldobler and Wilson, 1990).
This study investigates the navigation and recruitment strategies of the 
Australian Banded Sugar Ant, Camponotus consobrinus, and considers the ways in 
which they relate to the general foraging ecology of this widely distributed species. 
Specifically of interest in this species are three main areas; 1) the habitat-specific 
navigation strategies, as this species inhabits urban and rural environments full of 
visually rich and stable landmark information; 2) visual navigation at different light 
levels, given that this species is active across drastically changing light levels and must 
possess adaptations to allow successful navigation during these periods; and lastly, 3) 
the unusual recruitment method of tandem running observed in C. consobrinus.
1.2 NAVIGATION
Ant colonies, regardless of size, rely on foraging individuals for exploration of their 
environment, the location and acquisition of food, and for its successful return to the 
nest (e.g. Traniello, 1989; Wehner et al., 1996). Foraging strategies must be adapted to 
habitat structure, ecology and the evolutionarily-derived recruitment style appropriate to 
each taxon (Carroll and Janzen, 1973; Fresneau, 1985). In order to find food and return 
home, ants must employ suitable navigational strategies.
The use of a system of “dead-reckoning”, now called path integration in navigation 
research, facilitating navigation in animals has been posited since the 1870s (Darwin, 
1873). During navigation, an animal utilises changes in heading direction and distance 
travelled relative to the nest location, for example, in order to successfully return to the 
nest once happening upon food via the most direct route (Collett and Graham, 2004; 
Wehner, 1982). The pioneering work of Wehner and his associates (Müller and 
Wehner, 1988; Wehner, 1982) first documented path integration in detail and unraveled 
some of the cues involved in visual ant navigation. This work has sparked many 
investigations into navigational strategies in species inhabiting different visual
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environments. It has also contributed to robotic applications, because navigating in 
complex environments is crucial for mobile robot function (e.g. Vardy and Möller, 2003; 
Franz and Mallot, 2000; Lambrinos et al., 2000).
A variety of navigational strategies are used by different ant species. These 
include guidance by landmarks (for reviews see Collett, 2010; Collett, 1996; Wehner et 
al., 1996; Zeil, 2012), reliance on path integration (Collett and Collett, 2000a; Collett 
and Collett, 2000b; Müller and Wehner, 1988), and the use of pheromone trails 
(Traniello, 1977). Ants often use multiple navigational strategies in search and return 
activities (Collett et al., 2007; Fukushi, 2001; Narendra, 2007b). Thus, there must be 
some interplay and hierarchy between different navigational strategies, allowing the 
most appropriate cues to be utilised dependent on lifestyle, habitat structure and 
available information (Aron et al., 1993; Cheng et al., 2009; Collett et al., 1998; Müller 
and Wehner, 2007; Narendra, 2007b).
When an individual worker ant leaves its parent nest for foraging, it constantly 
updates the directional information (angles turned) and distance traveled along its 
route. This allows for continuous awareness of its current location (direction and 
distance) relative to the nest (Collett and Graham, 2004; Wehner and Menzel, 1990). 
Hence upon finding food, the successful forager is able to return to the nest by the 
shortest possible path. The integration of angles steered and distances traveled along 
a foraging journey that enables computation of the shortest return home vector is 
termed “ path integration”. It is important to note that path integration does not rely on 
landmark information. If an ant encounters unfamiliar terrain, free of familiar landmarks, 
it can use its “path integrator” system to return home (Collett and Collett, 2000a; 
Wehner et al., 2006). It now seems unclear as to the relationship between the path 
integrator and landmark memories, that is, it now seems less likely that the path 
integrator is independent of landmark memories, in the sense that the process of path 
integration does not rely on landmark information but landmark memories do affect 
whether an animal follows path integration information or is guided by landmarks.
Path integration is considered the base-line method of navigation in ants, and 
must be noted that it is employed by other animals including rodents and birds (for 
reviews see Beigler, 2000; Etienne et al, 1996). However, due to its egocentric nature it 
is susceptible to error depending on the length of the journey (Merkle and Wehner, 
2010; Vickerstaff and Merkle, 2012). Foraging ants appear to achieve only an 
approximation of their vector, rather than a true full vector summation. They thus 
require a system for correction of errors, either by the use of systematic search 
strategies (Müller and Wehner, 1994; Wehner and Srinivasan, 1981; Merkle et al., 
2006; Schultheiss and Cheng, 2011) or landmark information (Collett and Graham,
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2004; Knaden and Wehner, 2006; Müller and Wehner, 1988) (see below). Information 
from landmarks may override the state of the path integrator, but the integrator will 
continue to be updated even when not used as the main navigation strategy (Collett 
and Collett, 2000b; Knaden and Wehner, 2006). Resetting the integrator to zero once 
the nest is attained is essential, because navigational errors would otherwise continue 
to accumulate on each consecutive excursion. It has been shown that the path 
integrator is reset to a zero vector only after returning ants have actually entered their 
home nests, so the reset must be dependent on cues operational within the nest 
(Knaden and Wehner, 2006).
For successful path integration an odometer function is required to measure 
distance, and an external compass reference is needed for assessing path direction. 
Ants predominantly rely on step-counting or stride integration for odometric records, 
rather than on optic flow information (Ronacher et al., 2000; Thielin-Bescond and 
Beugnon, 2005; Wittlinger et al., 2006; Wittlinger et al., 2007; Wolf, 2011). Interestingly, 
it has been demonstrated in the desert ant, Cataglyphis fortis, that there is some 
contribution from ventral optic flow information to odometer measurements (Ronacher 
and Wehner, 1995). Directional information for path integration is derived from celestial 
cues, such as the position of the sun (Jander and Jander, 1998; Müller and Wehner, 
2007; Wehner, 1989), the pattern of polarised skylight (Dacke et al., 2003; Horvath and 
Wehner, 1999; Reid et al, 2011; Wehner and Müller, 2006), or terrestrial cues, derived 
from the Earth’s magnetic field (Banks and Srygley, 2003; Jander and Jander, 1998; 
Riveros and Srygley, 2008), landmark information (Cheng et al., 2009; Collett et al., 
1992; Kohler and Wehner, 2005), or even prevailing wind direction, as observed in the 
North African desert ant Cataglyphis fortis (Müller and Wehner, 2007).
If they are available, foraging ants use local and distant landmarks when 
travelling along familiar routes (Mangan and Webb, 2012) and when pinpointing the 
location of the nest (Collett and Collett, 2002; Kohler and Wehner, 2005; Narendra et 
al., 2007; Wehner et al., 1996). Ants are considered to memorise “snapshots” of 
landmark arrays along the route (Äkesson and Wehner, 2002; Kohler and Wehner, 
2005; Wehner and Menzel, 1990). They use distant landmarks or beacons, such as 
tree lines or buildings (Collett, 1996; Collett et al., 1992; Reid et al., 2011; Wehner et 
al., 1996) as well as information provided by extended landmarks (Collett et al., 2001; 
Graham and Collett, 2002) and the high contrast boundary created by the skyline 
serving as a compass (Basten and Mallot, 2010; Graham and Cheng, 2009a; Graham 
and Cheng, 2009b) for broader directional navigation. Indeed, the skyline panorama 
has been demonstrated to provide sufficient information for successful navigation 
(Graham and Cheng, 2009; Philippides et al., 2011; Wystrach et al., 2011) and in
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defining a place of interest (Basten and Mallot, 2010). By comparing the current 
panoramic view with a stored view of a goal, individuals can move in a direction that 
decreases the differences between the views. In some specific cases, this has been 
demonstrated through modelling based on a rotational image difference function 
(rotIDF), that is, rotating an image with a stored view to identify the position of least 
different (Baddeley et al., 2011; Zeil, 2012). Upon reaching views that match a stored 
view of a nest location, smaller local landmarks are utilised to pinpoint the nest 
entrance, which may be inconspicuous (Collett, 1996; Narendra et al., 2007; Wehner 
and Räber, 1979). What is clear is that initial routes are determined based on the path 
integrator and over subsequent journeys the routes may develop and stabilise as 
individuals learn views of local scenes (Collett et al., 2003). The landmark information 
can then compensate for errors accumulated during path integration.
It has been suggested that landmark memories could be linked, such that once 
the contents of one snapshot have been used, the next in the sequence is activated, 
allowing correction of the foraging or return journey (Collett et al., 1998; Fukushi and 
Wehner, 2004; Wehner et al., 2006). The cues used by insects in subsequent 
excursions may change, depending on which cues are most salient for reliable 
guidance of the insect to its goal (Lehrer and Collett, 1994). The angular size of a 
landmark and the absolute distance from the landmark to the goal have been 
suggested as important cues, yet they appear to be utilised differently dependent on 
the movement of the viewer. Worker ants, being pedestrian, are able to stand 
motionless, allowing easier comparison of static snapshot images and thus may attend 
to the angular size of objects rather than the absolute distance (Wehner and Räber, 
1979). Flying insects on the other hand are able to exploit motion parallax cues 
because they can easily move from side to side (Brünnert et al., 1994; Dittmar et al., 
2010; Zeil, 1993).
As ants tend to follow different outbound and inbound journeys, they are likely 
to encounter a varying array of landmarks and views (Fukushi and Wehner, 2004). It 
has been demonstrated by Wehner et al. 2006, that retained parcels of information can 
be used by the ants only in the context in which they were gathered - i.e. a returning or 
inbound ant, motivated to return home, displaced to its foraging or outbound route, 
where it was motivated to search for food, will not recognise its location. This is 
because the views of landmarks will differ from those retained in the next expected 
snapshot, leading the subject to use other navigational strategies along its course 
home. This suggests that there is no interocular transfer of the landmark snapshots, 
ants will recognise a particular landmark array only when viewed from the right
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direction and with the correct eye - that which originally gathered the image (Müller and 
Wehner, 2010; Wehner et al., 1996; Wehner and Müller, 1985).
The use of different strategies is dependent on the habitat complexity and visual 
ecology, and a single species may use a variety of strategies depending on the local 
habitat structure. In landmark-rich habitats path integration information is often 
suppressed (Beugnon et al., 2005; Bühlmann et al., 2011; Narendra et al., 2013; for an 
example of theoretical demonstrations see Cheung et al., 2012). On the other hand, in 
landmark-poor habitats ants rely primarily on the information provided by their path 
integrator (Collett and Collett, 2000b). The path integrator is known to be susceptible to 
the accumulation of errors (Collett and Graham, 2004; Müller and Wehner, 1988). The 
rate of error accumulation is dependent on the length of the outbound trip (Merkle and 
Wehner, 2010), longer trips result in less certainty about the location of the nest. The 
area covered by subsequent search reflects this uncertainty; short excursions result in 
a narrow search range whereas longer excursions result in a wide search.
1.3 RECRUITMENT THROUGH TANDEM RUNNING
Navigation plays an important role in successful exploitation of food sources. Once a 
stable food source is located, individuals find the most efficient route to and from the 
source. Ants can forage alone with no form of recruitment (Beckers et al., 1989), as is 
seen in Cataglyphis bicolor and the Australian bull ants, Myrmecia pyriformis (Reid et 
al., 2013) and M. croslandi (Jayatilaka et al., 2014; Narendra et al., 2013), or ants may 
recruit nestmates to the food source. For species that do recruit, there are two main 
recruitment strategies, individual recruitment and mass recruitment. Individual 
recruitment allows a forager to recruit one, or few individuals at a time, such as in 
tandem running species (Franks et al., 2002; Hölldobler and Traniello, 1980; Urbani, 
1993), whereas mass recruiting species have developed potent secretions and 
specialised behaviour allowing recruitment of many fellow nest mates (Traniello, 1977; 
Urbani, 1993). It has been suggested that tandem running is the evolutionary precursor 
of odor-trail communication (Möglich et al., 1974). Flowever, tandem running appears 
most common in colonies with small to medium forager force that may be unable to 
acquire the numbers required for successful trail recruitment through pheromone use 
(Beckers et al., 1989; Mailleux et al., 2003; Planque et al., 2010). Instead of an 
evolutionary precursor, it is likely to have evolved as an independent strategy for 
smaller colonies (Franklin, 2013).
During tandem running, individual ants are recruited to a potential nest site or 
new foraging source by following a tandem leader (Hölldobler and Wilson 1990). 
Generally two individuals (though sometimes more) are involved in a tandem run. Once
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an ant has found a new food source or nest site, it returns to its nest and recruits 
another ant, leading it to the new location. During the walk to the new location, the 
recruit taps the abdomen of the leader ant with her antennae, and they move forward at 
a significantly slower pace than a single forager (Franks and Richardson, 2006; 
Hölldobler and Wilson, 1990). If the recruit loses contact with the leader, the leader 
stops and waits until the contact is reestablished. During this period, the recruit may 
perform a search (Franks et al., 2010). The length of time the leader waits for a recruit 
has been shown to not only correspond to how long the recruit will search for the 
leader (likely to have evolved through the mutual tuning of the behaviour patterns of 
both leaders and followers), but also to the amount of time and therefore effort that has 
been invested into the recruit by the leader, and the quality of the goal (Franks et al., 
2010). With increasing proximity to the goal, a leader will wait longer for the recruit to 
reestablish contact. If the tandem run is successful, terminating at the goal, the recruit 
will return on its own to the nest. In the situation where the goal is a new nest site it is 
then likely that when the recruit returns to the nest it will become a tandem leader, or 
may participate in tandem runs back to the old nest (Franks and Richardson, 2006; 
Franks et al., 2010; Hölldobler et al., 1974).
Chemical cues and tactile stimulation are both considered important for the 
elicitation and binding of pairs in tandem running (Möglich et al., 1974). Chemical cues 
have been shown to stimulate potential recruits to join a tandem, such as in 
Pachycondyla obscuricornis, where leaders transfer secretions to the hind legs before 
the formation of a tandem pair (Traniello and Hölldobler, 1984). This could be a cue for 
this species that the leader is looking for a recruit. Displays, similar to those seen in 
honeybees (Dyer, 2002), have also been observed in tandem running species. In 
Camponotus socius, a potential leader returning from a food source performs a 
“waggle” motor display to excite recruits (Hölldobler, 1971), and approximately 30 ants 
can be stimulated at a time during one recruitment performance within the nest. This 
behaviour has so far not been recorded in any other species. Outside the nest, the 
tactile stimulation of the recruits antennae onto the leader’s abdomen is important for 
tandem running to proceed (Franks et al., 2010; Möglich et al., 1974), and in some 
species it has been demonstrated that chemical cues are required to “bind” the recruit 
to the leader, and may provide a cue for a lost recruit when searching for its leader 
(Hölldobler and Traniello, 1980; Kohl et al., 2001; Möglich et al., 1974). Leaders in 
some species, such as Camponotus sericeus, have been seen to deposit a pheromone 
on the return journey from the goal to the nest, before recruiting (Hölldobler et al., 
1974). These trails appear to provide no recruitment effect, and are only utilised by the 
leaders.
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Of great interest in tandem running is the transfer of knowledge from the leader 
to the recruit. Many studies have tried to elucidate the information learnt by a recruit 
during a tandem run and it might relate to not only navigational information, but 
information regarding the quality of a food source or directions to a nest location. Some 
studies have shown that recruits of Temnothorax albipennis are able to extrapolate 
from an interrupted tandem run following an average heading initially set out by the 
leader. This suggests that recruits are not simply following, but information is being 
provided regarding changing overall headings over the course of the route (Basari et 
al., 2013; Franks et al., 2010). Thus far, studies of visually impaired recruits of T. 
albipennis demonstrate that recruits are just as likely to engage in a tandem run as 
unimpaired recruits and it was suggested that the ants were relying on path integration 
or olfaction for navigation, rather than visual cues. (Franklin et al., 2011). As is the case 
for solitary navigation, it is believed that recruits learn the route to a new food source or 
nest location through path integration and then bolster that knowledge independently 
with visual landmarks (Franklin, 2013), yet few studies have examined this in detail.
1.4 VISUAL ADAPTATIONS FOR CHANGING LIGHT LEVELS
There are two main compound eye designs in the insect world: apposition eyes and 
superposition eyes. Apposition eyes are thought to be the ancestral form and are 
typical of diurnal species. In apposition eye design, a single lens in each ommatidium 
focuses incoming light onto the rhabdom (an array of microvilli formed by 8-11 
photoreceptive cells). Stray light entering the eye from other directions is absorbed by 
screening pigments lining the ommatidium (Land and Fernald 1992; Warrant 2006). 
Because light reaches each rhabdom through a very small lens, these eyes require 
high light levels to function making their use in dim light difficult (Warrant et al., 2004). 
Superposition eyes, on the other hand, are much more suited to nocturnal life. Unlike 
the apposition eye, incoming light is refracted or reflected from many facet lenses onto 
a rhabdom and there are no light-absorbing pigments to remove the excess light (Land 
and Fernald 1992; Warrant 2006). Optical superposition eyes are found in beetles (e.g. 
McIntyre and Caveney, 1998) and moths, some regardless of whether they are day or 
night active (e.g. Nordtug, 1990; Warrant et al., 1999).
Ants, similar to bees and wasps, have apposition eyes, an eye design typically 
suited for bright light conditions. Ants, however and some bees and wasps (Warrant, 
2006; Warrant et al., 2004) are not only active during bright light conditions, but also 
during twilight and night (e.g. Greiner et al 2007; Narendra et al, 2011). Night-active 
and crepuscular insects with apposition compound eyes have evolved a number of 
adaptations that allow them to improve their ability to live in a low-light environment.
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These adaptations include increasing the size of facets, increasing the diameter of the 
rhabdom, spatial summation and retinomotor control (Greiner et al., 2007; Greiner et 
al., 2004b; Menzi, 1987). By increasing the size of the facets, the aperture through 
which light enters the eye, insects increase the amount of light that reaches the 
rhabdom, and by increasing the size of the rhabdoms, more light can be absorbed 
(Warrant et al., 2004). This is seen in wasps, ants, and the halictid bee, Megalopta 
genalis, which has apposition eyes but is active at night. Its eyes are shown to be 27 
times more sensitive to light than those of diurnal bees with nearly a 2 fold increase in 
facet size and a 4 to 5 times wider rhabdom (Greiner et al., 2004a).
Such adaptations to vision at low light have also been documented in ants, as in 
the crepuscular to nocturnal ant species Myrmecia nigriceps and M. pyriformis. When 
compared with the diurnal sympatric species, Myrmecia crosslandi, both M. nigriceps 
and M. pyriformis show significant increases in the size of their facet lenses and 
rhabdom diameters (Greiner et al., 2007; Narendra et al, 2011).
The only other way to increase the light sensitivity of apposition compound eyes 
is to employ spatial and temporal integration mechanisms. There are two types of 
photon summation to help increase visual reliability at night. The first, temporal 
summation is to increase the exposure time, as you would with a camera, allowing 
more light to be collected over a longer period of time. This has a down side in that any 
fast moving objects will be less reliably seen, but a brighter image would be produced 
of the landmark panorama, stationary features, or of a scene such as nest entrances or 
stable stationary food sources (Warrant et al., 2004). In spatial summation, instead of 
information in each ommatidium being collected separately, the signals from many 
ommatidia are integrated by interneurons with wide dendritic fields. This increases the 
receptive field of interneurons making the scene brighter, but has the down side of 
reducing spatial resolution (Greiner et al., 2004a; Greiner et al., 2004b; Warrant et al., 
2004).
1.5 FORAGING ECOLOGY
Despite their success and diversity across the world, ants are still subject to various 
factors that can restrict their foraging activity. These can include biotic factors such as 
competition, predation, availability of food resources, and abiotic factors such as 
temperature, humidity or light intensity and an animal’s physiological constraints.
Within its habitat, a single species of ant might need to compete with a number 
of other species of ants and other animals for access to food sources. Some ant 
species might be able to out-compete others by being behaviourally and ecologically 
dominant, forcing the subordinate species to occupy more peripheral niches than would
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be considered ideal (Andersen and Patel, 1994; Cerda et al., 1998b; Vepsalainen and 
Savolainen, 1990; but see Gibb and Johansson, 2011). Behavioural dominance is 
shown when ant species become aggressive, resulting in subordinate species actively 
avoiding contact. Ecological dominance includes guarding and monopolization of food 
sources through greater colony sizes and abundance at these food sources (Cerda et 
al., 1997; Greenslade, 1976). If an ant species is determined to be dominant, this does 
not always indicate that this species is the most successful and efficient exploiter of its 
habitat (Bestelmeyer, 2000; Cerda et al., 1997; Cerda et al., 1998a). The dominant role 
of Iridomyrmex species and their impact on subordinate species, such as some 
Camponotus species, has been documented in Australia (Andersen, 1992; 
Greenslade, 1976). These studies demonstrate that the aggressive Iridomyrmex 
dominate food sources in their ideal ecological niche, effectively suppressing the 
foraging activity of subordinate species. When Iridomyrmex are removed or blocked 
from interacting with other species at food sources, those subordinate ant species 
within the local assemblage fill the foraging gap (Andersen and Patel, 1994; Gibb, 
2005; Gibb and Hochuli, 2004; Greenslade, 1976). Therefore, outside of these 
experiments, under normal conditions of interactions amongst species, the subordinate 
species are forced to occupy a fringe niche outside of their preferred and optimal 
foraging niche. Alternatively, subordinate species may evolve and adapt to occupy so- 
called “fringe niches”, allowing them unrestricted and unimpeded access to resources. 
This kind of interaction has been well documented worldwide, such as in South 
American (Bestelmeyer, 2000) and Mediterranean ant communities (Cerda et al., 1997; 
Cerda et al., 1998a; Cerda et al., 1998b). By being able to tolerate the harsh conditions 
that the dominant species cannot withstand, the subordinate species have almost 
exclusive access without interference, allowing greater resource dominance 
(Bestelmeyer, 2000; Cerda et al., 1997; Cerda et al., 1998a).
Abiotic factors such as light levels, humidity and temperature, may help to drive 
niche choice and foraging success due to physiological restrictions and differences 
between each ant species (Cerda et al., 1998b; Heatwole, 1996). In the Chott El Djerid, 
Tunisia, the thermophilic Cataglyphis desertorum is the only ant species to occupy the 
environment. It is able to forage without interference competition from other ant 
species, and its daily activity patterns are restricted only by its physiological capabilities 
to withstand the extreme temperatures up to 70° Celcius in summer (Heatwole, 1996). 
In the giant forest ant, Camponotus gigas, foraging activity is divided into two spatially 
and temporarily separate niches, driven by temperature, humidity and predation. 
During the day, the forest canopy has low humidity levels and higher temperatures than 
the ants can withstand, so it is avoided and ants forage on the forest floor. During the
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night however, there is an increased risk of predation, but the canopy becomes milder, 
so the ants change to foraging in the canopy (Orr and Charles, 1994). As demonstrated 
here, for a single species C. gigas, there is an interaction between abiotic and biotic 
factors that shapes the chosen foraging niche, which would not only shape a single 
species niche choice, but more broadly, would contribute to the interactions and 
assemblages of the various ant species (Albrecht and Gotelli, 2001; Alsina et al., 1988; 
Bestelmeyer, 2000; Whitford, 1978).
Seasonal variations in temperature may drive the change of a diurnal species to 
a nocturnal lifestyle (Hölldobler and Möglich, 1980), although thermal biology does not 
explain this behaviour in Myrmecia ants, with individuals capable of withstanding 
temperatures greater than those they naturally forage in (Jayatilaka et al., 2011). A 
nocturnal lifestyle could provide advantages such as the potential for decreased 
predation, as most predators are diurnal, and there may be decreased competition for 
food sources. New resources may also be present as some species of plants are night 
flowering, and are not available to diurnal species. It is now clear that some species 
have evolved nocturnal behaviour with apposition eyes, an intriguing transition that has 
given rise to specific adaptations aimed at increasing their ability to function in this 
limiting environment (e.g. ants, Greiner et al., 2007; e.g. bees and wasps, Warrant, 
2008).
1.6 STUDY SPECIES
The genus Camponotus is found on most continents worldwide and is one of the most 
diverse and common groups in Australia. Commonly known as sugar ants, they live in 
many different habitats. Despite this distribution, little is known of the biology of 
Australian Camponotus species (Burgman et al., 1980; McArthur, 2007; McArthur and 
Adams, 1996). Historically, identifying individual Camponotus species was quite 
difficult, especially without a comprehensive key for some 100 species (McArthur et al., 
1997). Recent research has focused on questions such as the role of Camponotus in 
re-vegetating mining sites (Andersen, 1993), and work examining polygyny and genetic 
mutations (Crozier et al., 1999; Fraser et al., 2000).
The Banded Sugar Ant, Camponotus consobrinus, has a reported distribution 
throughout much of South Eastern Australia (McArthur, 2007). Specimens have been 
reported from Northern New South Wales down to Tasmania, and as far West as 
Adelaide, in South Australia (Atlas of living Australia, www.ala.org.au). This distribution 
crosses through different climatic zones of Australia all that experience a cool winter 
and a range of summer temperatures (Australian climatic zones, Bureau of 
Meteorology, www.bom.gov.au).
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Camponotus consobrinus is a relatively large, conspicuously coloured ant 
known to have large colonies (Fraser et al., 2000; McArthur and Adams, 1996). Upon 
emergence from their pupal casing, individuals display a wide range of colour intensity, 
providing no reliable measure of age based on body colour (preliminary experiments). 
This species is ubiquitous throughout the study area, Canberra, Australia, typically 
forming single entrance nests in crevices, underneath large rocks or at the base of 
shrubs and concrete structures in visually rich urban and rural environments. They are 
often sympatric with other Camponotus species (McArthur, 2007), as well as with more 
aggressive and sometimes predatory ants such as the bulldog ant, Myrmecia 
pyriformis, and the meat ant Iridomyrmex purpureus, raising questions of resource 
exploitation, competition, and activity patterns.
Colonies predominantly forage on a single tree, or maintain a dominant foraging 
direction establishing distinct and predictable foraging corridors from the nest to a 
foraging area. No publications have demonstrated specifically what this species feeds 
upon in the trees, but they belong to genera in which other species have been 
identified to collect nectar, and as such have been labeled a nectar-collecting species 
(Briese and Macauley, 1981; Hughes, et al., 1994). Individuals form idiosyncratic 
routes and primarily forage alone with no evidence of trail recruitment through the use 
of pheromones, though this species does engage in tandem recruitment (Hodgson, 
2003).
1.7 THESIS BACKGROUND AND SUMMARY
This thesis represents 3.5 years of work on the navigation, recruitment, foraging 
ecology and visual systems of the Banded Sugar Ant, Camponotus consobrinus. It 
aims to provide detailed analysis of navigational behaviours of solitary and tandem 
recruited foragers. Activity patterns are established, as well as the underlying cues for 
activity. Further, tandem recruitment is examined and finally, the eye and retina are 
examined to determine whether, and how, they are adapted to cope with a large range 
of light levels, using histological techniques. Where possible, comparisons are made 
between appropriate sympatric species. Field work was conducted between May 2010 
and October 2013 at several locations within Canberra, Australian Capital Territory, 
Australia.
Activity patterns were examined in 24 hour detail at two colonies in chapter 2, 
as well as regular outbound activity patterns over a year. I conducted temperature 
tolerance experiments to characterise the physiological limits of this species. For 
subsequent experiments, it was important to establish the daily and seasonal activity 
patterns. Ambient light and temperature were recorded to determine which factors may
11
drive activity patterns within C. consobrinus. Comparisons to sympatric species, such 
as the night active bull ant Myrmecia pyriformis, demonstrates that although light 
intensity appears to drive activity in each species, C. consobrinus experiences a much 
wider range of light levels and temperatures compared to M. pyriformis during foraging 
onset, and hibernate during the coldest months of the year. Once activity patterns were 
established, navigational questions could be investigated.
In chapter 3 I address the navigational strategies of both inbound and outbound 
foragers. I document their normal foraging paths and then ask whether they use path 
integration and/or landmark guidance by observing the behaviours of displaced ants. I 
find that both inbound foragers in the morning and outbound foragers in the evening 
rely almost exclusively on visual information for navigation, rather than their path 
integrator. During these conditions it is clear that the ants navigate through a wide 
range of light intensities and rely mostly on landmark guidance for navigation. 
However, the search patterns of displaced ants demonstrated that individuals do 
display path integration during search.
In chapter 4 I describe tandem running in C. consobrinus and attempt to answer 
the question of what navigational knowledge is transferred from leaders to recruits 
during tandems. I find that tandem followers can be just as experienced as their 
leaders in foraging, and are capable of navigating to a foraging location on their own. 
This suggests that not only naive ants engage in tandem running, and may reflect the 
complexity of the foraging environment. Individuals know how to get to the foraging 
tree, yet locating new targets on a complicated 3D structure like a tree may result in 
increased search time, whilst being recruited to the new target is more efficient.
Continuing into chapter 5, I have examined foraging, navigation, recruitment 
and general activity of C. consobrinus, and found it to occur across a wide range of 
light levels. This immediately raised the question to what extent the visual system of 
this species is adapted to operate over this range, examining in detail the lens and 
facet diameters. Indeed, ambient light levels were found to drive a pupillary mechanism 
within the eye. In addition, C. consobrinus possesses an unusually pronounced dorsal 
rim area with very large rhabdoms. Therefore I conducted behavioural experiments to 
test whether this species uses the pattern of polarized skylight as a compass cue 
during their normal foraging time. However, I failed to find evidence for this, raising the 
interesting question, why possess such a pronounced dorsal rim area?
Chapter 6 is the final chapter of this thesis within which the results presented in 
the preceding chapters are taken in context with the natural life history of this species 
as well as the habitat in which they live. Further, this work is compared with other 
relevant studies relating to navigation, recruitment and vision in dim light environments,
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including work on sympatric ant species to demonstrate the exceptional findings in this 
species. Camponotus consobrinus is an extreme example of an ant species that shows 
no reliance on a path integrator during navigation and demonstrates the profound effect 
of the visual environment on shaping navigational and recruitment behaviours. Activity 
that crosses through a broad range of temperatures as well as differing light intensities 
speaks to the flexibility of this species. To conclude, future directions for research are 
explored that follow on from the current findings, as well as areas of interest within this 
study that play a role in the current understanding of navigational strategies of ants, 
and the visual ecology of species active across changing light environments.
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Chapter 2: Activity of the Banded Sugar Ant, Camponotus consobrinus at two 
colonies in the Australian Capital Territory.
2.1 INTRODUCTION
The activity schedules of ants vary temporally throughout the year and are influenced 
by many biotic and abiotic factors. Biotic factors include rates of predation and 
resource competition (eg. Kronfeld-Schor and Dayan, 2003; Schoener, 1974), and 
abiotic factors include the time of sunset or sunrise (e.g. McCluskey, 1963; McCluskey, 
1965), light intensity (e.g. Narendra et al., 2010) or temperature (e.g. Ayre, 1958; 
Jayatilaka et al., 2011; Pol and Lopez de Casenave, 2004). Ants time their activity to 
allow most efficient resource use shaped by these factors.
It has been well documented that circadian rhythms, or the presence of an 
internal circadian clock, allow many ant species to predict daily events and time 
biological processes, such as mating flights, to coincide with such events (McCluskey, 
1963; McCluskey and Brown, 1972). Mating flights in many male ants has been 
demonstrated to follow circadian rhythms (McCluskey, 1965). Laboratory colonies of 
Linepithema humile (formerly Irdiomyrmex humilis) and Veromessor andrei show strict 
maintenance of a circadian rhythm timing activity patterns despite exposure to an 
artificial constant dark cycle for 5 days (McCluskey, 1965).
Activity patterns might also relate to the status of the colony. Many ant species 
increase activity during the spring and summer in order to prepare the colony for 
hibernation during the winter. It has been demonstrated in some gramnivore species, 
such as Pogonomyrmex rugosus, that foraging activity subsides when grain stores are 
full (e.g. Whitford and Ettershank, 1975).
Zeitgebers, external or environmental cues, can synchronise biological rhythms 
to a 24 hour light/dark cycle and the 12 month cycle of the earth. Changes in ambient 
light intensity can influence activity rhythms, as is seen in the nocturnal bull ant, 
Myrmecia pyriformis. Evening outbound foraging activity is triggered in this species as 
the ambient light levels drop after sunset during evening twilight (Narendra et al., 
2010). This has also been demonstrated in laboratory colonies of L. humile. When 
workers were exposed to a light-dark cycle similar to a diurnal cycle, they maintained 
“natural” periods of activity. When exposed to a dark-dark cycle, the diurnal rhythm 
seen during the light-dark cycle did not persist, indicating a reliance on changes in light 
intensities to trigger worker activity, rather than a circadian rhythm (McCluskey, 1963). 
In these examples, light intensity acts as the Zeitgeber to maintain biological rhythms.
The thermal tolerances of insects could also play a significant role in shaping 
activity patterns. Ectothermic individuals must rely on the surrounding environmental
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conditions to regulate body temperatures. As such, this can restrict the activity of 
different species to a range of temperatures within physiologically tolerable bounds 
(e.g. Greenaway, 1981; Wehner et al., 1992). Within ants, most species are active at 
surface temperatures between 10 and 45°C (Hölldobler and Wilson, 1990). In some 
instances, individuals are forced to forage beyond these temperature ranges. Foraging 
at extreme temperatures might decrease competition with other ant species and allow 
the less dominant species to use available food sources (Cerda et al., 1998a; Cerda et 
al., 1998b; Retana and Cerda, 2000). Such a strategy could also help individuals 
escape predation from heat or cold intolerant predators (Wehner et al., 1992). Critical 
thermal maxima and minima measurements are often studied in ants to define their 
physiological tolerances, and comparisons made between what individuals are able to 
tolerate in experimental conditions, as compared with periods of activity (e.g. 
Greenaway, 1981; Jayatilaka et al., 2011). In some instances, CTmax tolerances do 
not reflect temperatures at which a species is seen active. This suggests that other 
factors, such as circadian rhythms, light intensity, or biotic factors, such as predation or 
competition, are influencing patterns of activity.
This study describes typical daily and seasonal activity patterns at two colonies 
of Camponotus consobrinus. Environmental factors, including sunset time, light 
intensity and ambient temperature, are examined to determine which cues trigger the 
onset of activity. As physiological studies in other insects have demonstrated 
temperature to be an influencing factor in individual activity, further experiments were 
conducted to determine the CTmax tolerance of this species.
2.2 METHODS 
2.2A Activity patterns
a. Foraging activity onset
Foraging activity onset was observed at two study sites in 2010 and 2011, with two 
additional observation days held in 2012. Days of observation were chosen based on 
every 10 minute change in sunrise time throughout the year, which resulted in 32 and 
30 successful observations at nest A and B, respectively. The first site, nest A, was 
located on The Australian National University Campus Field Station, Canberra, 
Australia (35°16’50”S, 149°07’50”E). The second study site, nest B, was located on a 
residential property in Fadden, Australia (35°23’43”S, 149°07’09”E).
The two nests were both made between crevices in concrete paving, with nest 
A receiving morning sunlight, but sheltered from the afternoon sunlight, whilst nest B 
was sheltered from the morning sunlight and received direct afternoon sunlight. Many 
other thermal characteristics may play a significant role in the timing of activity within
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this species, such as the concrete paving under which both nests were found, the 
amount of solar radiation, access to shade and time of day nest is shaded, the soil 
type, but unfortunately was not examined within this study.
To record foraging onset activity, a temporary reference circle with a 30 cm 
radius was marked out around nest entrances at both observation nests. Ants crossing 
this circle, both leaving and returning, were recorded on an iPod touch using a custom- 
written program in Filemaker. This application allowed each entry or exit of an ant 
across the reference circle to be time stamped to the second.
A red light head torch was used during observations and this did not appear to 
have any noticeable effect on ant behaviour. Nests were monitored for at least 30 
minutes before foraging activity commenced and observations ceased once the 
number of individuals leaving the nest met the stop criterion. As Camponotus 
consobrinus continue to leave the nest throughout the night to forage, the initial 
outbound forager activity was considered to have “ceased” when less than ten 
individuals left the nest in a ten minute period. Once this point was reached, 
observations stopped. To define the duration of outbound foraging activity, the start 
criterion was defined as any ten minute period, within which five ants left the reference 
circle, and foraging duration was the time in minutes between the start and stop 
criteria.
b. 24 Hour activity
To gain a full picture of foraging activity in Camponotus consobrinus, the colonies were 
observed for 24hour periods every fifth sampling day. This resulted in six successful 
days at nest A, and three at nest B, during which all ants, incoming or outgoing, were 
recorded. The researcher, EJTM, carried out these observations solely, which ensured 
consistency between observation periods.
c. Environmental data
Daily ambient temperature variations were sourced from the Australian Government 
Bureau of Meteorology (http://www.bom.gov.au). Dry bulb air temperature, in a minute 
sampling frequency, were chosen from the weather stations closest to each study site. 
It is noted that ground temperature is a more appropriate measure relating to 
temperature effects on activity patterns, but was unable to be collected during 
experimentation, as such, ambient temperature was used as an approximation of 
climatic conditions.
Astronomical data (sunset, sunrise and period of twilight) were obtained from 
Geoscience Australia (http://ga.gov.au). Astronomical twilight is defined as the period
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when the centre of the Sun is 18 degrees below an ideal horizon at dawn and dusk. 
Sunrise is defined as the time in the morning at which the upper edge of the sun’s disk 
is coincident with an ideal horizon, under ideal conditions. Similarly, sunset is defined 
as the time in the evening when the upper edge of the sun’s disk is coincident with an 
ideal horizon.
Ambient light levels in lux were recorded throughout the observation periods at 
each nest in ten-minute intervals with a data logging light meter (Extech Instruments, 
Massachusetts, USA). On some days no light measurements could be recorded due to 
equipment failure.
d. Data analysis
To determine which factors influenced patterns of activity (sunset, temperature 
at sunset, or light intensity at sunset), regression analyses were run for each against 
the time of peak activity as observed at each nest during initial outbound foraging. 
Significance was determined from p-values and R2 values. The two nests were treated 
separately for all analyses.
Average forager force was calculated for each season, with number of foragers 
outbound and inbound divided by the number of observation days within the season. 
The proportion of outbound foragers throughout the year was calculated, normalised to 
the maximum number of outbound foragers on any single occasion, to examine the 
dynamics of outbound forager activity. Box plots were constructed of the temperature 
and light intensity (in log10 lux units) experienced at each nest at the time of peak 
activity to demonstrate variations experienced when activity was at its highest.
2.2B Critical thermal maximum
Two experiments were performed to determine thermal tolerances in Camponotus 
consobrinus. Individuals were acclimitised to a temperature of 25°C before either 
experiencing a cooling to 10°C, or heating to their thermal maximum. Temperatures 
between 10°C and 25°C encompass the majority of natural temperatures individuals 
were exposed to during the peak of activity at each colony as recorded in pervious 
experiments. Behaviour during cooling, including walking speed, was recorded, as for 
heating. The motivational states of these ants must be considered, all ants collected 
were outbound individuals, collected during the onset of outbound foraging. They were 
provided with water, but not fed, thus still potentially motivated to find food, but kept 
within small enclosures which limits movement compared to the distances and speeds 
travelled whilst foraging.
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a. Experimental set-up
A six-chambered apparatus was constructed to house ants individually within clear 
plastic tubes (10 cm x 4 cm; Fig 2.5, B). The end of each tube was perforated to allow 
sufficient air circulation. In each tube a thermocouple probe was inserted through one 
of the perforations and connected to a multichannel datalogger (Datataker 500, 
BIOLAB Pty Ltd, Mulgrave, VIC, Australia). The apparatus was then placed inside an 
incubator in a constant temperature cold room (5 ± 1°C). The data acquisition software 
(DeLogger, v. 4, Sven Holwell, BIOLAB Pty Ltd) controlled the datalogger and was 
connected to a computer located outside the cold room. Sampling rate was 1/s. To 
prevent desiccation, a moistened cotton ball was affixed to the outside of each tube 
allowing access through the perforations. During the experiment, ants were filmed 
using a Sony Handycam with a night-shot function, at 25 frames per second. Extra light 
was provided by red LED headlamps. This allowed observation of ant behaviour as the 
temperature decreased to the lower limit of their naturally recorded activity, and as 
temperature increased to determine the upper limit of their thermal tolerances. This 
limit was defined as the temperature at which individuals were no longer coordinated, 
and were unable to right themselves upon falling (see Jayatilaka et al., 2011). A total of 
24 individuals were tested for heating, and 12 individuals for cooling, from the same 
nest. All heating experiments were carried out in February 2013, and cooling 
experiments during December 2013, during the normal foraging activity times of C. 
consobrinus. Video footage and data sampling were synchronised by setting each to 
the same time stamp before experimentation began.
b. Protocol
Ants were kept in the incubator at a set temperature of 25 ± 0.3°C (mean ± se) for 30 
minutes prior to testing, to acclimatise them to a similar starting temperature before 
testing. This protocol has been established in temperature tolerance experiments on 
Myrmecia (Jayatilaka et al., 2011) but has been modified where relevant for this study. 
After 30 minutes, the oven was increased at a temperature ramp rate of 0.37 ± 0.006°C 
min'1. Other studies on ectotherms, including ants, have used similar rates of 
temperature increase (Christian and Morton, 1992). To ensure an even temperature 
distribution throughout the incubator, a small fan was placed within the incubator for 
homogenous mixing of the ambient air and to ensure airflow through the plastic tubes.
The temperature at which individuals became uncoordinated was recorded and 
the average temperature tolerance was calculated. The x, y coordinates of the head of 
each individual were determined at 1 second intervals using GraphClick (v 3.0.2 ©
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2010 Arizona Software). From this, the average maximum speed was determined, the 
temperature at which maximum speed was reached, and the body size of individuals.
To examine behaviour during cooler temperature ranges, 12 individuals were 
held at 24 ± 0.6°C for 30 minutes before being exposed to decreasing temperatures, 
reaching a low of 10°C at a decreasing rate of 0.23 ± 0.007°C min'1. Individuals were 
filmed and analysed as detailed during increasing temperatures.
c. Data analysis
Mean walking speeds and cumulative walking speeds were calculated to gather the 
shape of the behaviour of individuals as the temperature either increased or 
decreased, and to compare the behaviours between the two groups. Regression 
analyses were carried out to determine if either the critical thermal maximum 
experienced by individuals or the maximum walking speed displayed by individuals 
correlated with corresponding body size. Further, a linear regression was carried out to 
determine if the temperature at maximum walking speed correlated with maximum 
walking speed. This was to see if there was any temperature at which individuals, 
regardless of size, reached the same maximum speed, i.e. a trigger temperature for 
increased movement.
2.3 RESULTS 
2.3A Activity patterns
On a typical night, outbound foraging is characterised by a burst in activity. The peak of 
foraging onset occurs on average 4.3 ± 9.4 minutes (mean ± se) before sunset at nest 
A (n = 32), and 8.6 ± 9.7 minutes after sunset at nest B (n = 30). The duration of 
outbound forager traffic lasts on average 124.7 ± 17.8 minutes at nest A and 124.1 ± 
9.2 minutes at nest B.
As the peak of activity approached, many individuals could be observed 
standing still just inside the nest as well as surrounding the entrance, within the 30 
centimetre radius. Some of these individuals would head out to forage whereas others 
continued to stand still for more than 20 minutes, or return to the nest. During the 24- 
hour observations, individuals continue to leave the nest sporadically throughout the 
night and also return intermittently (Fig. 2.1). The majority of individuals return through 
the night, with few individuals returning later in the morning (Fig. 2.1, B, C, D, F, G, & I). 
Multiple peaks in activity during a single onset were observed during 24-hour 
recordings (Fig. 2.1, FI).
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With clear peaks in activity throughout the year at two different nests, I then 
asked, what factors, including ambient temperature, sunset and light intensity, may 
determine the timing of peak activity.
Sunset is not a significant predictor for the peak of foraging activity in 
Camponotus consobrinus, with R2 values of 0.06 and 0.18 for nest A and B, 
respectively (Fig. 2.2, A). Light intensity at sunset also does not appear to play a 
significant role in predicting peak outbound foraging behaviour at either nest (R2 <0.1 
for both nests, Fig. 2.2, B). Both nests were exposed to a wide range of light intensities, 
from bright sunlight down to moonless nights during activity. At the peak of activity, lux 
levels ranged from 202 to 0.01 lux at nest A (log10 units of 2.31 and -2.00, respectively), 
and 1662 to 1.08 lux at nest B (log10 units of 3.22 and 0.03, respectively). As the sun 
sets later in the evening, ants begin activity later, suggesting that colonies track sunset 
time. As light intensity becomes brighter at the time of sunset, activity begins later (see 
below; Fig. 2.4). No mixed model regression analyses showed any significant 
interactions between the time of peak activity and measured abiotic factors.
Activity throughout the year occurred across a wide range of temperatures at 
sunset, from as low as 6.9 and 7.7°C, to as high as 26.9°C at nest A and 32.3°C at 
nest B (Fig. 2.2, C). If temperature were correlated with the activity, one would expect 
that peak activity would occur at the same temperature throughout the year at both 
nests. However, a regression analysis of temperature at sunset and time of peak 
activity at both nests showed low R2 values (less than 0.1 at nest A and B) indicating 
that temperature at sunset has little effect on the timing of outbound foraging behaviour 
once the effect of sunset time is accounted for.
Nest A and nest B maintained similar average outbound forager force from 
spring through to autumn, but decreased activity in the winter months (Fig. 2.3). Nest A 
displayed a higher average forager force during summer. At nest A less than fifteen 
individuals were observed leaving the nest in a 3 hour period during late June and early 
August, and similarly during July at nest B (Fig. 2.4, A). In Figure 2.4, A, peak activity at 
nest A appears to track sunset, though this pattern is not as clear at nest B. There are 
also distinct earlier times for peak activity at both nests (black arrows in Fig. 2.4, A).
Proportionally, outbound foragers were higher during spring and summer 
months, with both nests showing declines in forager force during winter. This could 
suggest an effect of temperature on forager force (Fig. 2.4, B), but may also be related 
to changes in the availability of food and the number of brood within the nest to feed. 
The potential effect of temperature is also seen in average outbound forager force for 
each season, with a marked decline in average outbound foragers during the winter 
(Fig. 2.3). Nest A had a larger forager force, with a maximum of 1618 foragers
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Fig. 2.1. Twenty-four hour activity patterns of inbound and 
outbound ants over the course of one year at two nests. Blue 
bars indicate the outbound activity and red bars indicate the inbound 
activity each recording night, grouped into 10-minute bins. Dark grey 
bars indicate night, light grey the periods of twilight, and white is day. 
The black line is the daily temperature for each 24hr recording period. 
As sunset time changes throughout the year, the activity at each nest 
changes too. Bursts of outbound activity appear to be associated with 
sunset and dusk twilight periods. Inbound foragers return throughout 
the night and even into the early morning. There are examples of 
activity beginning before sunset or twilight, such as in C and G. This 
suggests that factors other than just light levels may contribute to the 
timing of activity in C. consobrinus. Nests are labeled as A or B in red 
on the right. No data was pooled for these analyses or graphical 
presentations.
Note: no inbound activity was recorded for F due to equipment failure.
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perature ( C)
Nest A Nest B
-140 -70 0 70 140 -140 -70 0 70 140
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1930
Time of peak activity in minutes before or after sunset time (0 minutes)
Fig. 2.2. Relation between the peak of foraging activity relative to sunset time 
and abiotic factors at two nests. (A) Sunset time at nest A and nest B; (B) ambient 
light intensity at the time of peak activity (marked by the crosses) and the ambient light 
intensity at sunset (open circles) at nest A and nest B, and; (C) Temperature at sunset 
at nest A and nest B. No abiotic measurements played a significant role in the timing of 
peak activity. Activity appears to follow the timing of sunset, yet at both nests there is a 
wide variance of peak activity time (R2 0.06 and 0.18 for A and B, respectively). Both 
colonies were exposed to widely varying light levels throughout observations, as well as 
a wide range of temperatures which had no significant effect on the timing of activity 
(R2<0.05 for light intensities and temperature for A, and <0.05 for light and temperature 
for B.
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Fig. 2.3. Total 
outbound foragers at 
two nests recorded 
over a year. Nest A 
indicated by filled 
circles, nest B by open 
circles. N indicates the 
number of observation 
nights during each 
season, and standard 
errors given in error 
bars.
recorded leaving the nest during an observation in November, and a maximum of 798 
foragers at nest B during January. Both colonies experienced a wide range of 
temperatures at the time of peak activity throughout the year, as well as a large range 
of light intensities. Temperature ranges were similar between nest A (6.9°C min to 
26.9°C max) and nest B (7.7°C min to 32.2°C max), but there was a clear difference in 
light intensity, with much brighter conditions experienced at nest B (59.2 to 243 lux at 
nest A, 30 to 720 lux at nest B). This could be related to local environmental conditions 
at each nest and demonstrates that these ants are exposed to a wide range of 
temperature and light intensities during periods of activity.
2.3B Critical thermal maximum
When exposed to decreasing temperatures from 25°C to 10°C, individuals were active 
and moved freely around the tubes. Individuals were most active during temperatures 
of 20°C to 25°C, with only a slight decline in activity as the temperature dropped to 
10°C. When individuals were not moving, they were tending to their antennae, but were 
not observed to spend much time close to their water source. The majority of outbound 
forager activity occurs within these temperature bounds, and thus it may be reasonable 
to assume individuals are behaving normally, within a comfortable temperature range.
When exposed to increasing temperatures, at a 0.37°C/min temperature ramp 
rate, individuals became unable to right themselves after falling at an average 
temperature of 50.0 ± 0.6°C (mean ± se). This is significantly higher than the 
maximum temperature at which a colony was seen active in the wild (32.3°C at nest B, 
January 2011).
As temperature increased, individuals spent most time close to the moistened 
cotton ball, remaining stationary and attending to their antennae, with intermittent 
movements across the tube. Walking speeds were much lower than seen in ants
29
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Fig. 2.5. Walking speeds and thermal tolerance in C. consobrinus. (A) Mean walking 
speed in 5°C increments. The grey bar is the recorded temperature exposure at nest B, 
the black bar is that of nest A. During cooling experiments which reflected normal 
foraging temperatures, individuals moved consistently in their tubes resulting in a 
significantly higher walking speed than observed at temperatures above 25°C. During 
temperature ramping, individuals mostly remained near their water source before a final 
burst of movement as they reached their CTmax. Asterisks indicate the speeds during 
temperature ramping that were significantly different from each other. All temperature 
ramping walking speeds were significantly slower than temperature cooling speeds (p < 
0.01). (B) Schematic of the experimental setup with 6 perforated tubes mounted on a 
base plate and thermocouples threaded into each tube.
exposed to cooler temperatures and overall behaviour was dissimilar. Upon reaching 
their thermal maximum temperature, walking speed increased suddenly, for a very brief 
period, before individuals fall and cannot right themselves. This increase in speed was 
maintained for only brief periods of time and was significantly slower than walking 
speeds observed during the cooling experiment.
To examine changes in walking speed further, walking speeds were separated 
into 5°C increments. An increase in walking speeds was seen between 10 - 15°C to 15 
- 20°C, whilst similar speeds were held between 15 - 20°C and 20 - 25°C. The fastest 
walking speeds were recorded during the temperature cooling. A very distinct decrease 
in walking speed was recorded during the temperature ramping experiment as 
temperatures increased from 20 - 25°C to 25 - 30°C, which further declines during the 
next 5°C increment (Fig. 2.5, A). Walking speed then increases during temperature 
ramping until the peak walking speeds were reached in the final temperature bin, 50 - 
55°C. The increase in walking speed during temperature ramping was coupled with 
erratic movements within the tubes by individuals, short sharp bursts of activity 
followed by long sections of no walking. This differs to the continued saunter of 
individuals during temperature cooling. Walking speeds during cooling were 
significantly different from all walking speeds during heating (p < 0.01) highlighting this 
marked difference in behaviour between the two temperature experiments.
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Of all maximum walking speeds reached, the mean maximum walking speed 
reached by Camponotus consobrinus during temperature ramping is 5.4 ± 0.4 cm/s, 
reached at an average temperature of 46.3 ± 1.1 °C, with an average body size of 0.9 ± 
0.04 centimeters (Fig. 2.6). There was a significant effect of body size on the maximum 
speed reached by individuals during temperature ramping (Fig. 2.6, C, p < 0.01, R2 = 
0.28), but there was no significant effect of body size on the CTmax temperature 
individuals withstood (Fig. 2.6, A, p = 0.77). The maximum walking speed an individual 
reached was not correlated to the temperature at which that speed was reached (Fig. 
2.6, B, p = 0.53).
2.4 DISCUSSION
2.4A Yearly activity in the Banded Sugar Ant
Activity in the Banded Sugar Ant, Camponotus consobrinus, appears to not be 
triggered by any abiotic measurements taken in this study. Peak activity at nest A 
appears to track sunset though this is not statistically significant, though this pattern is 
not as clear at nest B. Average foraging duration was consistent between both nests 
yet they exhibit distinct earlier times for peak activity. These peaks could be influenced 
by the discovery of a new food source, increased recruitment or larval load of the 
colony, though these factors were not examined in this study. Similarly, cessation of 
above ground activity in nest A during July and August could be a result of full storage 
within the colony, yet nest B continued activity. This suggests that the local 
environment might have influenced the onset of activity, with nest B being a notably 
brighter location than nest A. Camponotus consobrinus appears to be flexible in the 
conditions they are active within. During peak activity, individuals can experience a 
wide range of light intensities (30 to 720 lux), which would provide unique visual 
challenges to navigation. Temperature at the time of peak activity was also quite 
variable (7.7 to 32.3°C) though there was no significant impact of temperature on 
foraging activity. Again it must be iterated that ground temperatures could have 
provided more pertinent thermal information for each nest, but was unable to be 
collected during this particular study and is noted as a limitation of the interpretation of 
these results. Flowever, observations demonstrated that at nest B individuals appeared 
to actively avoid direct sunlight when they were active during the day. This could 
indicate a maximum temperature tolerance in this species that could set an upper 
threshold of optimal temperature exposures during activity.
Similar activity patterns have also been described for other sympatric ant 
species. For example, the night active bull ant, Myrmecia pyriformis, starts activity in a 
distinct burst at the beginning of evening twilight and the majority of M. pyriformis
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workers return to the nest during morning twilight (Greiner et al., 2007; Narendra et al., 
2010). In this instance, the ambient light intensity shapes activity patterns.
The number of individuals heading out to forage changes not only on a 
seasonal level, but decreased numbers of foragers are also seen during periods of 
inclement weather. This is reported for other ant species, with increases in activity seen 
during the warmer months of the year, and little to no above ground activity during the 
winter (e.g. Jayatilaka et al., 2011; Whitford, 1978).
Whilst the interaction between species and how this may shape activity patterns 
was not explored in this study, it is of interest to note that a raid by I. purpureus on a 
colony of C. consobrinus, did result in a distinct disruption to normal activity patterns.
The two colonies chosen for the study of activity were a tradeoff between 
studying many colonies for brief periods of time, and potentially missing major events, 
such as the timing of mating flights which differed in timing at each nest, and studying 
few colonies which may skew the interpretation of activity patterns if one or both nests 
behaved in inconsistent ways. As a way to decide upon this, several nests were 
located and observed for a number of weeks before activity analysis was to take place. 
During this time, some small colonies would shut down without a clear reason; other 
larger colonies would change entrances and appear to shut down activity when in 
reality had simply changed the entrance to somewhere less obvious. It was decided 
that focusing on two colonies would allow complete yearly activity to be examined in 
detail, whilst also allowing the nuances of why a colony may change entrance, or may 
close down, to have a great chance of being discovered with regular observation 
periods at short intervals. A greater number of colonies would have been extremely 
advantageous to any conclusions made from this study regarding the activity patterns 
of The Banded Sugar Ant, C. consobrinus.
2.4B Thermal tolerance
Despite the temperature at sunset providing no statistically significant impact on the 
timing of peak outbound foraging activity, colonies within this study peaked outbound 
activity at temperatures of 20°C or less. However, Camponotus consobrinus were 
recorded to reach peak activity at temperatures higher than that and can endure 
temperatures much higher than they naturally experience. In fact, in critical thermal 
experiments, C. consobrinus experiences maximal temperatures close to 50°C before 
collapsing, similar to the sympatric diurnal jack jumper ant, M. croslandi (48.5°C) and 
slightly higher temperatures than the sympatric and nocturnal bull ant, M. pyriformis 
(41.6°C).
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The behaviour of C. consobrinus during the experiments differs from that of M. 
croslandi and M. pyriformis in that M. croslandi ants steadily increase their walking 
speed as the temperature increases (Jayatilaka et al., 2011). In C. consobrinus, 
individuals are most active and appear to explore their surroundings during cooler 
temperatures (< 25°C). Once temperatures begin to increase it becomes apparent that 
individuals are no longer comfortable as they begin to move less and less, remaining 
still for the majority of the recording time, close to their water source. A final burst in 
walking speed that lasts mere seconds typifies the critical thermal maximum of C. 
consobrinus. The reason for these different ways of dealing with increasing 
temperatures remains to be investigated. One possible explanation may relate to the 
potential exposure to such changing thermal conditions. Myrmeica croslandi are 
exclusively day-active and therefore may be more likely to encounter significant 
changes in temperature during foraging. As they move between areas of shade and 
sunlight to under natural conditions they may move quickly through hotter areas and 
decrease the amount of time exposed to direct sunlight to avoid desiccation. However, 
M. pyriformis behaves similarly to M. croslandi, yet is active at the same time as C. 
consobrinus. As C. consobrinus is only active in the evenings and during the night, it is 
unlikely that individuals would be exposed to rapidly changing temperatures, as seen in 
M. croslandi. Thus, there would be no reason to develop such a response to increasing 
temperatures, though this does not account for the difference between C. consobrinus 
and M. pyriformis. It is of interest to note, however, that C. consobrinus were seen to 
actively avoid direct exposure to sunlight and walk in the shade back to the nest even if 
it was not the fastest route from the foraging site.
2.5 CONCLUSIONS
In the Banded Sugar Ant, Camponotus consobrinus, local environmental factors could 
influence nest dynamics. Both nests appeared to display activity through a wide range 
of light and temperature conditions. CTmax experiments demonstrated that their 
thermal upper limit is much higher than they are naturally exposed to, yet their 
behaviour demonstrates that individuals are uncomfortable at higher temperatures (> 
25°C). The observations of individuals actively avoiding bright light when returning to 
the nest, and activity tightly, but not statistically, linked to sunset time suggests that the 
light environment plays an important role in foraging and must be explored further. This 
then begs the question of what kind of visual systems might this species use in such 
drastically changing light conditions, which is further examined in Chapter 5: Visual 
systems of C. consobrinus.
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There are no current publications detailing the evolutionary history of this 
species, and the evolutionary history of this species was outside the scope of this 
study. However, it is clear that they would not have always existed in urban 
environments, and indeed there are many colonies found in rural areas that lack any 
man-made buildings or structures, a point that must be considered when interpreting 
behavioural results. It would be interesting to determine if there is any difference in the 
behaviour of colonies located in urban environments compared with those in rural 
environments, and further, how their evolutionary history has shaped the patterns that 
are present today.
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Chapter 3: Navigation
Part I: Outbound solitary forager navigational knowledge of the Banded Sugar
Ant, Camponotus consobrinus
3.1 INTRODUCTION
When animals are active at night, they are confronted with unique challenges to 
navigation. Crepuscular and nocturnal insects, such as ants, dung beetles, bees and 
wasps, must make their way successfully to and from the nest in order to forage but at 
significantly reduced light levels when compared with diurnal species (for reviews see; 
Warrant, 2004; Warrant and Dacke, 2011).
Studies regarding crepuscular or nocturnal species tend to focus on the 
compass orientation and homing abilities of these insects, as well as investigations into 
potential adaptations required for dim light vision (for a review of nocturnal insect vision 
see; Warrant and Dacke, 2011). It is suggested that nocturnal insects employ the same 
orientation and navigational strategies demonstrated by diurnal insects. Navigational 
information such as celestial and terrestrial compass cues during the day and night is 
the same in essence, but because light levels are much lower at night, the saliency of 
cues is much reduced (Warrant and Dacke, 2011).
The use of landmarks for homing, as shown in diurnal insects (for a review of 
visual homing in insects see; Zeil, 2012), has been demonstrated, for example, in the 
nocturnal sweat bee, Megolopta genalis. Individuals were able to learn landmark arrays 
marking nest entrances, allowing the bees to return to their nests successfully after 
foraging during the night (Warrant et al., 2004). Landmarks were also identified as 
providing cues for nest location for returning nocturnal Indian carpenter bees, Xylocopa 
tranquebarica (Somanathan et al., 2008), as well as in the nocturnal black carpenter 
ant, Camponotus pennsylvanicus (Klotz and Reid, 1993). The nocturnal black 
carpenter ants demonstrated use of the forest canopy for orientation through directional 
information at night, a strategy also suggested in the ponerine ant, Paltothyreus 
tarsatus, in the low light conditions of tropical forests (Hölldobler, 1980). Interestingly, 
C. pennsylvanicus has addressed the problem of a decreased saliency of visual cues 
at night by forming pheromone trails to food sources and are known to navigate at night 
using those trails. This behaviour is also seen in the red wood ant, Formica nigricans, 
where individuals demonstrate visual landmark orientation during the day and chemical 
cue orientation for navigation at night (Beugnon and Fourcassie, 1988).
Within insects, many cues are available for navigational use during the day and 
the night. The nocturnal dung beetle, Scarabaeus zambesianus, uses the pattern of 
polarised skylight as a compass cue much like diurnal ants (e.g. Dacke et al., 2004;
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Wehner and Müller, 2006). The beetle orients using the pattern of polarised skylight 
generated by the moon although the moon itself does not serve as the primary cue 
(Dacke et al., 2004).
In both diurnal and nocturnal insects, the degree to which insects are guided by 
different navigational cues depends on their salience and the information content of 
habitats. For instance, when the pattern of polarised skylight is experimentally 
misaligned with the landmark array, the Australian night-active bull ant, Myrmecia 
pyriformis will choose a heading direction half-way between the direction indicated by 
the rotated celestial pattern and the landmark panorama silhouette. M. pyriformis 
foragers hesitate to leave the nest when the landmarks in the direction of their foraging 
tree is blocked (Reid, 2010). In the diurnal bull ant, M. croslandi, individuals only recur 
to their path integrator (i.e. a celestial compass) when the panorama fails to provide 
information necessary for navigation (Narendra et al., 2013a). These examples add 
support to the suggestion that navigational behaviours displayed by nocturnal insects 
are similar to those seen in diurnal insects, accessing the same orientation cues only at 
different light levels (Warrant and Dacke, 2011).
The Banded Sugar Ant, Camponotus consobrinus, is a crepuscular to 
nocturnally active ant species with solitary foragers and no evidence of trail 
recruitment. However, they do recruit nest mates to food sources via tandem running. 
Foraging activity begins after sunset and continues throughout the night, presenting 
foragers with drastically changing light levels as they move between nest and foraging 
sites (see Chapter 2: Activity and Ecology). On her outward and return journey, an 
individual may be faced with a visual scene that differs quite drastically in contrast. In 
this study we first determine where ants go, and then examine the navigational 
information used by C. consobrinus on an outbound journey. We show that landmark 
guidance plays a significant role in the navigational success of solitary outbound 
foragers of C. consobrinus.
3.2 MATERIALS AND METHODS 
3.2A Foraging corridors
Over three non-consecutive nights in September 2010, outbound ants from nest A were 
observed located in the Campus Field Station of the Research School of Biology, The 
Australian National University, Canberra (35°16'41"S, 149°6'59"E; Fig. 3.1, nest A). 
The colony entrance was out in the open, not surrounded by buildings or close to trees, 
allowing the occupants to freely forage in any direction. A circle was marked around the 
nest entrance with a radius of 30 cm, and separated into 45-degree segments. The
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Fig. 3.1. Aerial photographs 
of the experimental sites at 
The Australian National 
University, Canberra. Each 
nest location is marked by a 
red circle and the known 
foraging trees labelled. 
Outbound ants were recorded 
at each nest using a 30 cm 
diameter reference circle at A, 
a surveillance camera at B 
located in the Campus Field 
Station (above), and GPS 
tracking at C located in the 
compound of the Research 
School of Biology (left). Scale 
is 10 metres.
number of individuals leaving the nest in the evening was recorded as they crossed the 
circle, as well as what segment they crossed through. Circular rose histograms of the 
three days were constructed in Oriana 3 (©2011 Kovach Computing Services, 
Anglesey, Wales), and a Rayleigh test for uniformity was conducted on each 
distribution.
To examine the foraging corridor situation at a second nest, B, a surveillance 
camera was mounted above a nest also located at the edge of a building in the 
Campus Field Station (Fig. 3.1, nest B). The camera was activated at the onset of 
foraging and filmed for two hours. From this footage, individual ant paths were digitised 
using GraphClick (v 3.0.2 © 2010 Arizona Software) at 1 second intervals, creating text 
files that were then loaded into Matlab into a custom written program to plot and 
analyse paths.
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Lastly, outbound ants from a third nest located in the compound of the 
Research School of Biology, nest C (Fig. 3.1, nest C), were tracked to their foraging 
tree from November 2012 to January 2013 (prelim, obs; Hodgson, 2003). Individuals 
left a nest located beneath an air conditioning unit and crossed a gravel surface, during 
the onset of foraging to a Eucalyptus tree approximately 15 m away (see ant tracking 
technique, below). To track inbound ant paths, ants descending the tree were followed 
as they returned to the nest after sunrise.
3.2B Displacement experimental procedure
Outbound solitary foragers of a single nest of Camponotus consobrinus were studied 
within the grounds of The Australian National University, Canberra (35°16'41"S, 
149°6'59"E). The individuals from this nest were known to forage and recruit 
predominantly to a Eucalyptus tree and surrounding shrubs 15 m from the nest across 
a gravel surface, forming predictable foraging corridors (prelim, obs.; Hodgson, 2003). 
From December 2010 to May 2011, outgoing foragers were caught individually in foam 
stoppered Perspex tubes at a distance of 5 m from their nest as they were heading 
towards that tree. The tubes were placed into a black sleeve casing and the ants were 
offered sugar water supplied by cotton tips. Ants were displaced once they had 
stopped feeding, or had been held for a maximum of 5 minutes. It must be noted that 
not all ants fed whilst being held. Ants were then transferred in the dark to one of the 
release locations. Ants were called outbound foragers to distinguish their initial 
motivations from those that were returning to the nest in Part 2 of Chapter 3: 
Navigation.
Foragers were released randomly either at the local site, 5m lateral to the 
foraging route or at the remote landmark-rich site, 24 m from the nest, an area these 
ants have most likely never visited. The paths of the ants at each location were tracked 
for 7 minutes (see below), following which they were caught and released at their 
capture location on the foraging corridor, i.e., 5 m from the nest. Ants were again 
tracked for 7 minutes or until they reached the nest or foraging tree.
3.2C Ant tracking technique
Ant paths were tracked under a red headlamp by placing coloured flags behind a 
walking ant at 2 -  10 cm intervals, carefully avoiding disturbing her progress. The flag- 
marked path was later recorded using a Differential Global Positioning System (DGPS, 
NovAtel Inc., Canada), with a position accuracy greater than 10 cm. The DGPS set-up 
consisted of a base station antenna (GPS-702-GG L1/L2, GPS plus GLONASS), a 
base station receiver (FLEXPAK-V2-L1L2-G GPS plus GLONASS RT-2), a rover
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antenna (ANT-A72GLA-TW-N (532-C)) and a rover receiver (OEMV-2-RT2-G GPS 
plus GLONASS). The stationary reference or base station calculates corrections for a 
mobile rover antenna, the position of which is determined with centimetre accuracy. 
Northing, Easting and Height coordinates in metres, together with the standard 
deviations of position error estimates were recorded at 1s intervals with a laptop and 
extracted with a custom-written Matlab program (see Narendra et al., 2013b, for 
detailed methods).
3.2D Path analysis
For each ant path, the bearing of the ants at 0.5 m along the actual path and at the end 
of the 7 minute recording period were determined. The mean vector, p, and length of 
the mean vector, r, was computed according to Batschelet (Batschelet, 1981) using 
Oriana 3 (©2011 Kovach Computing Services, Anglesey, Wales). A Rayleigh test and a 
V test were carried out using Oriana 3 to determine first whether the distribution of 
bearings was different from random, and then whether it was significantly different from 
directions predicted by the path integrator, the real nest and the foraging tree.
The degree to which ants moved away from the release locations in a directed 
manner or rather searched was determined by plotting the distance the ant actually 
travelled (path length) against the straight line distance from the release location. This 
allowed me to determine the mean ratio of the path length against the straight-line 
distance from the release location to the end of the path. A straight path leading away 
from the release location would thus have a ratio of 1, and less straight paths would 
have values smaller than 1. A regression analysis determined the mean slope and 
intercepts for release location, as well as R2 values, using Genstat 13th edn (©2010 
VSN International, Hemel Hempstead, UK).
3.3 RESULTS
3.3A Foraging corridors
Each of the observed colonies predominantly foraged on a single tree, or maintained a 
dominant foraging direction (Fig. 3.2). When unrestricted in any direction as at nest A 
(see Fig. 3.1, nest A), the majority of ants moved into one direction towards a group of 
Eucalyptus trees in the South East (Fig. 3.2, A). These distributions of heading 
directions on three days of observation are significantly different from random (< 0.01 in 
all cases). It is interesting to note that another Eucalyptus tree, west of the nest, was 
located much closer (by 3 metres) compared to the ants’ preferred foraging tree, 
suggesting that proximity alone does not determine foraging decisions. Looking in more 
detail at the paths from the surveillance camera and GPS tracking (Fig. 3.2, B and C,
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respectively), C. consobrinus form idiosyncratic routes, with no evidence of trail 
recruitment through the use of pheromones (Fig. 3.2, B). It is clear that C. consobrinus 
colonies establish distinct, predictable foraging corridors to a foraging are (Fig. 3.2, C).
Day 3 h 
Rayleigh test
p <0.01
Day 1 I
Rayleigh test
p <0.01
Day 2
Rayleigh test
p <0.01
Fig. 3.2. Foraging corridors in Camponotus consobrinus at three nest sites at The 
Australian National University. When unrestricted in foraging direction, individuals from 
a single nest head towards a main foraging tree, A. Paths of individuals are idiosyncratic 
as seen in surveillance footage, B (n = 16), and in GPS paths from the nest terminating at 
the foraging tree, C (n = 15). There is no indication of pheromone use in this species.
3.3B Outbound solitary foragers 
a. Local release site
At the local site, ants could (a) rely on their path integrator and head towards the fictive 
nest; (b) use visual landmark information and head directly to the nest or to their 
foraging tree; (c) immediately commence search upon release. Twenty-eight ants were 
released at the local site and had an average path length of 13.66 ± 1.21 (mean ± se). 
All paths can be seen in Fig. 3.3, A.
43
Circular histograms (Fig. 3.3, D), of the 0.5 m bearings show a weak mean 
vector (p = 256.77°, r = 0.40), indicating little directional consensus at 0.5 m though the 
mean vector (256.77°) is similar to the nest-directed path integration vector direction 
(220.52°). At the final bearing position, the mean vector length had increased slightly (p 
= 124.97°, r = 0.49) and some individuals appear to head towards the foraging tree and 
foraging corridor, reflected in the actual paths (Fig. 3.3, A). It is also important to note 
that there appears to be a bimodal distribution of bearings, one distribution heading 
towards the foraging corridor, the other positioned halfway between the path integration 
direction and the real nest direction (Fig. 3.3, D). Differences in views and rotational 
image difference functions (rotIDFs) are examined in detail in chapter 3, part 2.
Figure 3.3, G, shows the actual distance travelled plotted against the straight- 
line distance from the release point to determine the straightness of ant paths at the 
local site. A ratio of 0.59 ± 0.05 for these paths demonstrates that the ants do not gain 
equally in straight-line distance and their actual path length, but instead walk a less 
straight and therefore longer path. However, the graphs show that a lot of individuals 
eventually move away from the release site more directly. After travelling an actual 
distance of 5 metres, the ants will have reached 3.06 m from the release site in a 
straight line, as indicated by the regression slope, y = 0.61 x.
At the local site, most individuals initially move into the direction of the nest- 
directed path integration vector before changing course and reorienting. Others initially 
search. Eventually, however, the majority of individuals reorient to the foraging corridor, 
foraging tree, or the nest.
b. Remote release site
At the remote site, ants could (a) rely on their path integrator and head towards the 
fictive nest; (b) immediately commence search upon release. Twenty-three ants were 
released at the remote site and had an average path length of 4.16 ± 0.27. All paths 
can be seen in Fig. 3.3, B.
Circular histograms (Fig. 3.3, E), of the 0.5 m bearings show a weak mean 
vector (p = 184.25°, r = 0.27), indicating little directional consensus at 0.5 m. At the 
final bearing position, the distribution is random (p = 212.02°, r = 0.18; Fig. 3.3, B). The 
paths of individuals remain close to the release location indicating that individuals did 
not venture far after release during the seven minutes. A Rayleigh test at each distance 
indicates that bearings are not significantly different from random (p = 0.19 and 0.50 for 
0.5 m and final position, respectively).
At this location, the actual distance travelled over the straight-line distance from 
the release location was 0.32 ± 0.04 demonstrating that ants did not gain significant
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distance from the release point. After travelling an actual distance of 5 metres, the ants 
on average gained 1.82 m distance from the release site (Fig. 3.3, H). This shows that 
individuals at the remote site moved slower and covered less distance in the seven 
minutes of observation.
At the remote site the majority of individuals immediately initiate search upon 
release, with only two of the 23 individuals displaced appearing to follow a path 
integration vector. However, these individuals took torturous routes and did not move 
quickly, instead pausing often along the path, similar to other displaced ants at the 
remote site. If the data is randomly distributed, such paths are to be expected, and as 
the paths were not straight but quite torturous, it further supports the disregard of the 
path integration vector when released at the remote release site.
c. Familiar release site
At the familiar site, ants could (a) use visual landmark information and head directly to 
the nest or their foraging tree; (b) immediately commence search upon release. Thirty- 
six ants were released at the familiar site and had an average path length of 6.37 ± 
0.30. All paths can be seen in Fig. 3.3, C.
Circular histograms (Fig. 3.3, F), of the 0.5 m bearings show a strong mean 
vector (p = 210.42°, r = 0.75), indicating a directional consensus at 0.5 m that is closely 
aligned to the nest and path integration vector direction (220.52°; V test p < 0.01). At 
the final bearing position, this mean vector length had increased (p = 221.59°, r = 0.85) 
and is even closer to the path integrator vector and real nest direction as can be seen 
in the actual paths (Fig. 3.3, C, V test p < 0.01).
Figure 3.3, I, shows the actual distance travelled plotted against the straight-line 
distance from the release point. With a ratio of 0.82 ± 0.03, all ants released back on 
the route walk much straighter paths than the paths they walk at each of the 
displacement sites. After travelling an actual distance of 5 metres, the ants will have 
reached 3.67 m from the release site in a straight line, as indicated by the regression 
slope, y = 0.73x.
Of the 36 individuals released on route, 32 ants returned to the nest. Paths 
appear shorter than those at the local site. This is due to the majority of individuals 
reaching the nest before the 7 minute observation period ended. Individuals at the local 
and familiar sites moved quicker than those at the remote site, reaching greater overall 
distances, regardless of directedness (compare path lengths of 4.16 m at the remote 
site with 13.66 at the local site and 6.37 at the familiar site). Only 4 individuals headed 
out along the foraging corridor after release, with two of those ants first heading
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Nr = 0.40 0.5 Rayleigh test 
r = 0.49 End p=0.01 0.5 
p<0.01 End
r = 0.27 0.5 Rayleigh test r = 0.75 0.5 Rayleigh test
r = 0.18 End p=0.19 0.5 r = 0.85 End p<0.01 0.5
p=0.50 End p<0.01 End
Actual distance travelled (m)
Fig. 3.3. The paths of half-vector outbound ants at the local, remote, and 
familiar sites. (A-C) The paths of ants released at each site with the release position 
indicated by the red open circle. At the local site (A), ants initially move either in the PI 
direction towards the nest, towards the tree or towards the foraging corridor. At the 
remote site (B), all individuals searched immediately upon release. At the familiar site 
(C) most ants move towards the nest, though 2 ants head to the foraging tree. 
Average path lengths at each site: (A) 13.66 ± 1.21 (mean ± se) (B) 4.16 ± 0.27, and 
(C) 6.37 ± 0.30. Arrows indicate the bearings of the path integration vector (green), of 
the real nest (red) and of the foraging tree (black). (D-F) Circular histograms of 
bearings recorded when ants had travelled 50 cm from the release position (inner 
circle), and at the end of the recorded path (outer circle). Rayleigh tests demonstrate 
that bearings were significantly different from random, except for E at both 50 cm and 
end position, which was not significantly different from random. Mean bearings for 50 
cm and end positions, respectively, and the length of the mean vectors are (D): p = 
256.77° and 124.97°, r = 0.40 and 0.49; (E): p = 184.25° and 212.02°, r = 0.27 and 
0.18; (F): p = 210.42° and 221.59°, r = 0.75 and 0.85 (The mean direction is not 
significantly different from the direction of the real nest at 220.52°, V-test, p < 0.01). 
(G-l)The straight-line distance from the release point over the path length for each 
site. Regression lines through all data are shown in red and their slopes are given in 
the inset. All paths are shown overlain and analysed. 46
towards the nest before changing direction. Why outbound ants returned home instead 
of continuing foraging remains to be investigated.
3.4 DISCUSSION
When foraging begins in the Banded Sugar Ant, Camponotus consobrinus, 
individuals head out towards nearby Eucalyptus trees. They do not simply head to the 
nearest tree, but show a preference for particular trees, though the reason behind this 
was not examined in this study. Presumably it might relate to the quantity and quality of 
available food in each tree, with individuals heading to trees further away because they 
could have more stable food sources. Though C. consobrinus are primarily solitary 
foragers, they display a form of recruitment termed tandem running (see Chapter 4: 
Recruitment) and also show great fidelity to a chosen foraging tree. For a 
predominantly solitary foraging species that appears to lay no pheromone trails, this 
seems unusual. Other solitary foraging species might display sector fidelity, where 
individuals will return to forage in directions that have previously been successful, 
venturing further into the sector with experience (Buchkremer and Reinhold, 2008; 
Muser et al., 2005; Wehner et al., 2004). Myrmecia croslandi, a day active bull ant 
species sympatric with C. consobrinus, returns to the same trees they have previously 
foraged upon. Individuals of this species are flexible, however, and may switch 
between foraging on particular Eucalpyt trees and ground foraging (Jayatilaka et al., 
2014). Since M. croslandi is sympatric to C. consobrinus, this could be an indication of 
the reliability of the food source provided by these trees, thus the type of environment 
and plants within that environment play a role in structuring foraging behaviours.
Foraging activity occurs across varying light levels, with activity beginning in the 
late afternoon before sunset, continuing throughout the night and into the next morning, 
with individuals returning to the nest after sunrise. Despite the drastically changing light 
levels individuals are exposed to during a foraging bout, each ant must be able to 
navigate successfully in order to forage and return home. Here it is shown that 
outbound solitary foragers are able to return to the nest or tree despite a local 
displacement. This indicates the use of landmark guidance for navigation.
3.4A Navigation in dim light
There are many reasons for insects to adopt a nocturnal or crepuscular lifestyle such 
as avoiding predation and access to food sources, but such a lifestyle comes at a cost. 
Insects that rely on visual information for navigation are confronted with a significantly 
dimmer visual environment from which to draw that information. The information 
available during the night is exactly the same as the information available during the
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day but simply presented under a lower light intensity (For a recent review see; 
Warrant and Dacke, 2011). This affects the saliency of the cues but does not negate 
them. A crepuscular or nocturnal individual therefore, must overcome this challenge in 
order to successfully navigate its environment.
The results described in this study for outbound solitary foragers of C. 
consobrinus, indicate that individuals navigate in low light conditions utilising terrestrial 
visual information. When displaced into a completely unfamiliar environment, despite 
current path integration vector information, individuals ignored the state of their path 
integrator and immediately commence search. This does not mean that their path 
integrator did not work, but that it appears these ants lowered the importance of the 
path integrator information, as it was not the appropriate cue given the surroundings. 
This indicated that individuals instantly recognised that the surrounding visual 
information was not familiar. When individuals were displaced to the local site, which 
shared the same panoramic information but from a slightly different position, the scene 
was familiar enough that some of the ants continued on along their path integration 
vector before reorienting to a different heading. This suggests that the panorama may 
be the predominant terrestrial visual cue this species attends to. At the local site the 
panorama was similar enough to be initially identified as familiar and therefore the 
original heading direction was still relevant. It is only upon movement along that 
heading that individuals determined a difference between the panorama they were 
experiencing and the one they were expecting and thus either continued towards the 
nest, or made a 180° turn from their initial heading to return to the nest. At the remote 
landmark-rich site the panorama was so starkly different that it triggered search (see 
chapter 3, part 2). It is not at all unlikely that this species utilises several cues and 
weights those cues dependent on the information available and the situation they find 
themselves in. There is much evidence for the use of multiple strategies, as outlined 
below, and as such, it is indeed possible that in this species, a combination of cues are 
used at different times for successful navigation. Further investigation would be 
required to elucidate what kinds of cues are being used at each time in this species.
For crepuscular and nocturnally active species, such as C. consobrinus, it may 
be highly beneficial to rely on terrestrial visual information that is stark and remains 
consistent despite the decreasing and increasing light intensities experienced during 
foraging at sunset and sunrise. In this case, the strong contrast pattern presented by 
the skyline could be the best source of information for successful navigation.
The role of the skyline panorama in ant navigation has been examined in the 
Australian desert ant, Melophorus bagoti, and in principle may not be too different from 
navigation by canopy orientation in forest ants also experiencing low light conditions. In
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M. bagoti, it was found that the skyline could provide distinct directional information 
from the array of static objects in the panorama (Graham and Cheng, 2009a). It was 
also shown that specifically the lower part of the panorama, that is, the portion 
containing the highest amount of direct contrast between vegetation and the sky, was 
the most important part of the panorama used for navigation (Graham and Cheng, 
2009b). This suggests that it is not necessarily single features, such as a large tree, 
that guide navigation, but the broader panorama as a whole. Inhabiting building rich 
environments, C. consobrinus in this study would be presented with high contrast 
boundaries between the buildings and the sky that rise higher than the natural 
vegetation boundaries presented to M. bagoti, potentially providing stronger 
navigational cues.
Orientation via canopy patterns is somewhat similar to the use of a skyline 
panorama for navigation and has been described for relatively few species of forest 
dwelling ants from different parts of the world. It was shown in Paraponera clavata, that 
although individuals had access to a pheromone trail during their foraging trip, when 
the canopy was obscured from their sight they were unable to find their way 
successfully to the nest. This highlights the strength of the visual cue of the canopy for 
successful navigation in this species (Baader, 1996). Interestingly, Camponotus 
pennsylvanicus (Klotz and Reid, 1993) and Nothomyrmecia macrops (Hölldobler and 
Taylor, 1983) are both nocturnal species and display evidence of canopy orientation 
during their night time activity. It appears that the high contrast pattern created at the 
land and sky boundary is a strong cue that remains constant despite changes in light 
level. Therefore, C. consobrinus might be utilising this consistent pattern to navigate 
during foraging bouts across drastically changing light intensities.
3.5 CONCLUSIONS
Here I demonstrate that terrestrial visual information is important for navigation in 
outbound solitary foragers, and suggest that the skyline panorama could be the most 
salient terrestrial visual cue that this species attends. Individuals are able to utilise 
landmark information for navigation before and after sunset. In order to do this, this 
species might be able to compensate for the decreased light levels through behavioural 
and anatomical means (for review see; Warrant, 1999; see also chapter 5). If 
individuals are restricted to the foraging niche as detailed in chapter 2, the timing of 
activity to coincide on the whole with the brightest parts of the evening and morning 
(i.e. sunset and sunrise) may aid in navigation. Although, as seen in these experiments 
and during the foraging activity, individuals leave to forage well after the sun has set.
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The Australian Banded Sugar Ant is active across drastically changing light 
levels and must navigate through a changing environment, from across the ground to a 
particular tree, then up and into the tree, a complex 3-dimensional foraging 
environment. The role of a path integrator once in the branches of a tree have not been 
examined in any studies known to date, but it is likely that this species is well adapted 
to night canopy foraging, and perhaps the apparent immediate disregard of path 
integration information when displaced on the ground to a new location speaks to this 
ability. The natural ecology of this species would dramatically shape the navigational 
abilities and the cues utilised during foraging trips and future research into this 
behaviour and particularly night canopy foraging would be of great interest.
It is clear that some adaptations must be involved to allow Camponotus 
consobrinus to be successfully active across drastically changing light levels, without 
sole reliance on path integration vector information for guidance. Further study is 
required to elucidate what cues are important in the environment for navigation, as well 
as any anatomical or behavioural adaptations this species might have to allow it to 
occupy this dim light niche (see chapter 5).
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3.8 SUMMARY
Comparative studies of ant navigation have revealed that the degree to which ants are 
guided by landmark information and by path integration depends on the navigational 
information content of the habitat in which they operate. We have found an extreme 
case of an ant, the Banded Sugar Ant (Camponotus consobrinus), that does not 
appear to path integrate when foraging in complex urban environments. Solitary 
foragers caught at the base of their food tree around sunrise were displaced to four 
release stations: half-way along their normal foraging corridor (familiar), 5 m lateral to 
their foraging corridor (local), about 25 m away in a landmark-rich location (remote 
landmark-rich) and over 5 km away in an open location with distant and uniform 
landmark panorama (remote landmark-poor). We find that (1) at the familiar site, ants 
are immediately oriented in the tree-nest direction; (2) at the local site, most ants 
initially move into a direction half-way between the home vector and the true nest 
direction but subsequently either head towards the tree or towards the nest, thus 
compensating for the displacement; (3) at both the distant and remote site, ants 
immediately search, with no evidence of any directed movements in the home vector or 
nest direction. Sugar ants thus appear to rely exclusively on landmark information and 
do not recall a home vector when that information is absent. However during search at 
the remote site, ants repeatedly return to the release location, suggesting that they 
have the ability to path integrate.
3.9 INTRODUCTION
Central place foragers, such as ants, bees and wasps, must reliably navigate to and 
from a nest location in order to collect food. The baseline strategy for insect navigation 
is considered to be path integration (Collett and Collett, 2000; Cheung, 2014; Müller 
and Wehner, 1988). To compute a path integration vector, the ant requires a compass 
for directional information and an odometer to measure distances. This constantly 
updating vector and distance calculation keeps individuals “connected” with their nest 
location throughout a foraging excursion allowing them to make successful foraging 
trips even in the absence of landmark cues. The Saharan desert ant Cataglyphis fortis, 
for instance has to rely almost exclusively on path integration since it operates in a 
practically featureless environment, the salt pans of Tunisia (Müller and Wehner, 
1988). Foraging individuals may cover up to 250 metres along circuitous paths in 
search of food, returning to the nest in almost direct lines, using their path integrator. It 
is important to note that some research has shown that the distance accumulator, an 
intergral part of the path integrator, is accurate over less than 20 metres, and thus
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navigation over larger distances are unlikely to be guided solely by a home vector 
(Sommer and Wehner, 2004).
Visually rich environments, however, provide insects with navigational 
information that can supplement or supress vector navigation (e.g. Buehlmann et al., 
2011; Kohler and Wehner, 2005; Mangan and Webb, 2012; Narendra, 2007; Wehner et 
al., 1996; Wystrach et al., 2012). In the desert ant, Melophorus bagoti, which inhabits 
landmark-rich environments, individuals that are displaced to unfamiliar locations will 
run off close to half of their path integration vector and then initiate search (Narendra, 
2007). Gigantiops destructor, operating in rain forests and the wood ant, Formica 
japonica, foraging in forested areas rely even less on path integration when displaced 
into unfamiliar environments. Individual foragers of these species only appear to use 
path integration over very small initial distances before commencing search, between 
1.2% and 5% of the path integration vector in F. japonica (Fukushi, 2001), and between 
5% and 25% of the home vector in G. destructor (Beugnon et al., 2005). In both 
species, the navigational information content of the visual environment has been 
suggested as the potential reason for landmark guidance dominating over path 
integration and this is indeed the case in Australian Jack Jumper ants (Narendra et al., 
2013a).
It has become clear that the information and the strategies used by different 
species are weighted depending on the amount and type of information available to 
individuals. This has been theoretically demonstrated in Cheung et al., 2012, where 
landmark-rich habitats have been modelled to suppress path integration as a 
navigational tool. This is purely theoretical, however, and does not imply that navigating 
insects would supress path integration, per se, more providing the best places to begin 
searching given prior knowledge of the surroundings.
In this study we aimed to identify the navigational strategies used by the 
Banded Sugar Ant, Camponotus consobrinus, when displaced in familiar and unfamiliar 
territory, and how the state of vector information affects navigational behaviour. 
Interestingly, in sugar ants, we have discovered an extreme example of a lack of 
reliance on path integration when displaced to unfamiliar terrain. However, we suggest 
that they have the ability to path integrate as shown in search patterns exhibited at 
unfamiliar release sites.
3.10 RESULTS
We assumed that ants caught at both the base of their foraging tree (full-vector ants) 
and those caught when they had travelled half-way home (half-vector ants; location 1, 
Fig. 3.4) would possess vector information provided by their path integration system.
55
The way to test whether or not this is then utilised by foraging ants for navigation is to 
displace home-directed foragers to an unfamiliar area, where upon release, in most 
published cases they walk into the direction where the nest would be had they not been 
displaced (e.g. Bühlmann et al., 2011).
Fig. 3.4. Aerial photograph of the experimental site at The Australian National 
University, Canberra. The nest location is marked by a red circle and coloured lines 
show example paths of ants heading towards their foraging tree. Black circles mark the 
locations of local release sites. Returning foragers were caught either as full-vector ants 
at the base of the foraging tree, or as half-vector ants five metres from the nest 
(location no. 1). Full-vector ants were released at the local site (location no. 2), the 
remote landmark-rich site (location no. 3) and a remote landmark-poor site (not shown). 
Half-vector ants were released at the same three sites, as well as half-way along the 
foraging route (location no. 1).
We released ants in four locations of varying familiarity. At two of these four 
locations the ants would be expected to rely either fully or partially on path integration 
information: a remote site with a rather uniform landmark panorama (remote, landmark- 
poor) and a distant site with a dominant, but unfamiliar landmark panorama (remote, 
landmark-rich, location 3, Fig. 3.4). We released ants in addition at a location 5 m
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Fig. 3.5. The paths of full- and half-vector ants at the remote sites. (A-D) The 
paths of ants released at the remote sites with the release position indicated by the 
red open circle. All individuals searched immediately upon release across both sites 
and vector states, (A, B and C) with individuals tracked for 7 minutes, or (D) 15 
minutes. Arrows indicate the bearing of the path integration vector (green) and the 
bearing of the real nest (red). Average path lengths at each site; (A) 10.77 m ± 0.81 
m (means ± s.e.), (B) 12.41 m ± 0.59 m, (C) 14.25 m ± 0.94 m, and (D) 27.38 m ± 
1.76 m. (E-H) Circular histograms of bearings recorded when ants had travelled 50 
cm from the release position (inner circle), and at the end of a recorded path (outer 
circle). Individuals show little directional consensus at both positions, Rayleigh tests 
demonstrating no significant difference from random in all cases except H, at 50 
cm, yet no significant difference at the end position. Mean bearings for 50 cm and 
end positions, respectively, and the length of the mean vectors are (E) p=116.27° 
and 348.44°, r=0.17 and 0.11; (F) p=105.63° and 330.80°, r=0.48 and 0.21; (G) 
p=169.45° and 144.64°, r=0.32 and 0.10; (H) p=120.64° and 83.63°, r=0.31 and 
0.04. (I-J) The straight-line distance from the release point over the path length for 
both sites and vector states. Regression lines through all data are shown in red and 
their slopes are given in the inset.
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Fig. 3.6. The paths of full- and half-vector ants at the local and familiar sites.
The paths of (A -  C) half-vector and of (B) full-vector ants released at the local site 
(no. 2, Fig. 1) and the familiar site (no. 1, Fig. 1). At the local site (A, B), ants initially 
move either in PI direction towards the nest, towards the tree or towards the foraging 
corridor. At the familiar site (C) most ants move towards the nest, but some initially 
head towards the tree before sharply turning back after a few metres. Average path 
lengths at each site: (A) 12.69m ± 0.71 m (means ± se), (B) 12.71 m ± 0.80m, and (C) 
7.58m ± 0.35m. Arrows indicate the bearings of the path integration vector (green) of 
the real nest (red) and of the foraging tree (purple). (D-F) Circular histograms of 
bearings at the local (D, E) and the familiar site (F). Rayleigh tests demonstrate that 
bearings were significantly different from random, except for E at 50 cm, which was 
not significantly different from random. Mean bearings for 50 cm and end positions, 
respectively, and the length of the mean vectors are (D): p=188.518° and 173.415°, 
r=0.270 and 0.469; (E): p=111.258° and 132.117°, r=0.364 and 0.840 (the direction 
of p=132.117° is not significantly different from the bearing of the real nest (157.50°, 
red arrow), V-test, p<0.01); (F): p=221.198° and 220.237°, r=0.320 and 0.961 (The 
mean direction is not significantly different from the direction of the real nest at 
220.52°, V-test, p<0.01). (G-l) The distance from release point over the path length 
for both sites and vector states. Otherwise conventions as in Fig. 2.
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sideways from their familiar foraging corridor (local, location 2, Fig. 3.4), where 
guidance provided by the landmark panorama and path integration information are in 
conflict and at a location half-way along their foraging corridor (familiar, location 1, Fig. 
3.4), where the information on heading direction provided by both landmark panorama 
and path integration is identical.
We find no evidence that ants released in unfamiliar locations at the remote 
sites walk towards the home direction indicated by their path integrator (Fig. 3.5). This 
is true for both full- and half-vector ants (compare Fig. 3.5, A and B; Fig. 3.5, C and D) 
and for their heading directions within 0.5 m of the release point and at the end of their 
paths (compare inner and outer circular histograms in Fig. 3.5, E-FI). The ants exhibit 
typical search patterns at these remote sites, gaining very little distance from the 
release point relative to the actual distance travelled and repeatedly returning to the 
point of release (Fig. 3.5, l-L). The circular histograms demonstrate no directional 
consensus amongst individuals released at either the landmark-rich or landmark-poor 
location, suggesting that the amount of landmark information present is less important 
than the type of landmark information (i.e. familiar versus unfamiliar landmark 
panorama) and further, that the mismatch between the learnt views is important.
In comparison, when released 5 m away from their foraging corridor at the local 
site, individuals do not search symmetrically around the release point, but as a group 
also do not agree on single direction of heading (Fig. 3.6, A, B): some search, some 
move in a compromise direction between true home and the home vector direction and 
some head back to the tree and/or the foraging corridor. Eventually, thirteen of 32 half­
vector ants, and 5 of 14 full-vector ants displaced at the local site were able to return to 
the real nest location within recording times of 7 and 15 minutes, respectively. The ants 
released at the local site are clearly more directed compared to the ants released at the 
remote sites, gaining more distance from the release site per actual distance travelled 
(compare Fig. 3.6, G and H with Fig. 3.5, l-L).
When half-vector ants are caught again and released at their capture site en 
route, they walk into two distinct directions (Fig. 3.6, C). Most are immediately oriented 
in the home direction, while some initially head back to the tree (purple arrow, Fig. 3.6, 
C), but correct their path after a few metres by turning around and walking home. The 
circular histograms show strong directional consensus at both measured distances 
(Fig. 3.6, F) and most ants walk away from the release location in practically a straight 
line (Fig. 3.6, I). It is also interesting to note that full vectors are more accurate than half 
vector ants. The reasons for this were not examined in this study but warrant further 
investigation.
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Fig. 3.7. Panoramic views and rotational image difference functions for the 
different release sites. (A) Top: The view towards the nest half-way along the foraging 
corridor. The red line is the auto-rotational image difference function (rotIDF) for this 
view. The maximum and minimum values of the rotIDF and their difference are shown 
in the inset. The following views are from the local, the remote landmark-rich and the 
remote landmark-poor site, the latter on two days with (yellow curve) and without cloud 
cover (orange curve). rotIDFs shown are between these images and the one along the 
foraging corridor shown on top. Images were filtered assuming an inter-ommatidial 
angle of 4 degrees and an acceptance function with full width at half maximum of twice 
the inter-ommatidial angle. (B) Summary diagrams of rotIDFs for the five views 
(including two views of the remote landmark-poor site) with their absolute values (left) 
and their minimum shifted to zero (right) for ease of comparison of their relative depth.
We analysed the potential navigational information content at the different 
release sites by comparing the view ants have along the foraging corridor, with those 
they encountered at the local and the two remote sites (Fig. 3.7). In particular, because 
we sought an explanation for the heading directions of some half-vector ants released
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at the local site that appear to show the influence of path integration information (Fig. 
3.6, D). The rotational image difference function (see Methods for details) between 
these two scenes shows a broad minimum in the nest direction (green curve in Fig. 
3.7), which explains the final heading directions of full-vector, but not those of half­
vector ants (c.f. Fig. 3.6, D and E). Flalf-vector ants thus appear not to respond to 
scene similarities between the view along the foraging corridor and that encountered at 
the local site, but their paths are roughly aligned with the orientation of the foraging 
corridor (see Fig. 3.6, F). In comparison, the image difference functions between the 
release site view and the view along the foraging corridor at both the remote landmark- 
rich and the landmark-poor release site are comparatively shallow (blue, yellow and 
orange curves in Fig. 3.7) and do not provide information on heading direction. In no 
circumstance does the rotIDF minimum coincide with the path integration direction.
Do Banded Sugar Ant foragers path integrate at all? One additional way of 
testing this is to ask whether the ants can derive compass information from the pattern 
of polarized skylight. We released half-vector ants inside an opaque cylinder that was 
raised 180 cm above ground. One group of ants had an unobstructed view of the sky 
and a second group viewed the same patch of sky through a de-polarizing diffuser. We 
recorded the bearing of ants as they reached the edge of the cylinder and found in both 
experimental conditions no evidence that the ants’ paths were directed (Compare 
circular histograms in Fig. 3.8, A, B). In this situation, the ants had no information from 
the landmark panorama and only a limited window through which they could view the 
sky. Yet, ants with full view of the sky in the landmark-poor remote release site do 
show some evidence of having access to celestial compass cues: their initial paths 
tend to be oriented in two opposite directions that are aligned with the compass 
orientation of the foraging corridor (Fig. 3.8, C). Compared with the initial paths of ants 
released half-way along the foraging corridor, however (Fig. 3.8 D), their paths are not 
straight, as if at the same time as compass cues provide some guidance, the ants were 
searching immediately upon release. At the level of path analysis at the scale of 
metres, there is no evidence that displaced ants at the remote site are directed. 
However, at the scale of centimetres directly after release, there is a tendency for ant 
paths to be aligned with the direction of the foraging corridor. These paths are not 
straight, and there is no evidence that their subsequent paths are similarly aligned, and 
further, path integration can not explain the paths in Fig. 3.8, C, as the displaced ants 
travel in both directions. Similar observations have been made with Gigantiops 
destructor, a tropical ant species, which is shown to only path integrate for up to 20 
cms before initiating searching behaviours (Beugnon et al., 2005).
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Fig. 3.8. Initial heading directions of ants released inside an opaque cylinder and 
at the remote and the familiar site. (A-B) Exit bearings of half-vector ants released 
inside an opaque cylinder with a direct view of the sky (A), or viewing the sky through a 
depolarizing diffuser (B). Direction of the path integration vector is indicated by green 
arrow. Rayleigh tests demonstrate that bearings are not significantly different from 
random in either case. In both cases, a V test found the mean vector was not aligned 
with the expected path integration vector at 220.52°. (C-D) The initial paths of different 
ants released at the remote, landmark-poor site (C) and the familiar site (D). At the 
remote site, paths are roughly aligned with the orientation of the foraging corridor, but 
are not as straight, compared to the initial paths of ants released at the familiar site (D). 
Red arrow: home vector or nest direction; purple arrow: direction of the foraging tree; 
the release position is indicated by a red circle.
We found the only convincing evidence for the use of path integration in Banded 
Sugar Ants by analysing their search paths at the remote, landmark-poor and the 
remote landmark-rich release sites. The ants show a search pattern described for 
many ant species (e.g. Vickerstaff and Merkle, 2012; Wehner and Srinivasan, 1981)
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involving increasing loops that repeatedly bring the animal back to the release site (red 
dots in Fig. 3.9). For sections of the path, the distance from the release site increases 
linearly with overall path length, but with a slope that is less than expected for a straight 
line path away from the release site (dashed line in Fig. 3.9).
3.11 DISCUSSION
We found no sign of reliance on path integration information when we displaced 
Banded Sugar ant foragers to unfamiliar areas, regardless of whether these locations 
were landmark-rich or landmark-poor. Yet, as individuals searched after being released 
at these sites, they returned regularly to the site of release, clearly demonstrating that 
these ants are able to path-integrate. This does not mean that these individuals do not 
use path integration information during foraging, but that they do not utilise such 
information when displaced from their foraging route. However, as their search 
behaviour suggests that they do utilise path integration information, it is hard to exclude 
the possibility that their ability to repeatedly return to the relase point may be based on 
a snapshot memory upon release.
The initiation of search immediately upon release may arise via several 
scenarios as examined by Cheung et al. (2012). First, the familiarity of the terrain to the 
known foraging area, with immediate search more likely to occur as familiarity 
decreases. Second and somewhat related to terrain familiarity, is the operation of a 
familiarity network, wherein a cumulative level of unfamiliarity is reached independent 
of the home vector, and upon reaching a certain threshold, triggers immediate search. 
However, some behavioural evidence suggests that such a network is unlikely 
(Narendra, 2007b), and similarly in the current experiment, the half vector ants are 
experiencing a more familiar environment than the full vector ants immediately prior to 
displacement, yet the behaviours between the two vector states appear incredibly 
similar. Lastly, these displaced ants may be displaying a dynamically optimised 
homing system, whereby displacement from the familiar and optimised route triggers 
immediate search to minimise the expected cost and maximise the expected probability 
of finding the familiar route (Cheung et al. 2012). The degree to which animals, which 
memorise the scenes along routes and thus attend to visual navigation, should follow 
their home vectors upon displacement is dependent on the size of the area they are 
familiar with (Cheung et al. 2012; Beugnon et al. 2005).
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Fig. 3.9. Four examples of the structure of search paths at the remote 
landmark-poor location. Plots show the straight-line distance from the release point 
over the path length in blue and the actual paths in black as insets (small red dots 
mark the release point). Large red circles mark the instances along the path where 
ants came to within 50 cm of the release point. Dashed line indicates the slope of a 
straight-line path away from the release location.
To the best of our knowledge, our results are at odds with published reports on 
the behaviour of home-directed ant foragers when they have been displaced to an 
unfamiliar area. Upon release, ants walk into the direction where the nest would be had 
they not been displaced (e.g. Buehlmann et al., 2011). The distance ants walk in such 
a situation before initiating search, however, does depend on the navigational 
information content of their habitat: in flat, landmark poor environments displaced ants 
tend to walk close to the full straight-line distance between their capture point and the 
nest (e.g. Buehlmann et al., 2011), while ants living in landmark-rich environments only 
walk a fraction of that distance before beginning to search or before being guided by 
the landmark panorama (e.g. Beugnon et al., 2005; Fukushi, 2001; Narendra, 2007).
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Visually rich environments provide insects with navigational information that can 
supplement or even supress information from the path integration system (e.g. 
Buehlmann et al., 2011; Cheung et al., 2012; Graham and Collett, 2006; Narendra, 
2007; Narendra et al., 2013a,b; Wystrach et al., 2012). Navigational information and 
the navigational strategies used by different ant species are thus influenced by habitat 
complexity and by the type of information available to individuals (see also Schultheiss 
et al. 2013). Path integration has typically been shown, however, to be a robust default 
navigational strategy when familiar terrestrial information is removed or altered in such 
a way that it is no longer recognisable. In this study we have discovered an extreme 
case of an ant that does not appear to rely on path integration at all during homing, but 
does so when searching. This reflects the rich visual information content of their 
habitat. What remains to be investigated, like in the other cases in which habitat and 
species differences in the use of navigational information has been documented 
(Buehlmann et al., 2011), is the extent to which reliance on path integration is costly 
and experience-dependent.
3.12 MATERIALS AND METHODS 
3.12A Study species and location
Camponotus consobrinus (Erichson), commonly called the Banded Sugar Ant (Burwell, 
2007), were studied from a single nest located in the compound of the Research 
School of Biology, The Australian National University, Canberra (35°16’41”S, 
149°6’59”E). These ants are polymorphic (9.1 mm - 12.8 mm body lengths; 1.6 mm -  
3.5 mm head widths, n=20) and typically establish single entrance nests in the ground. 
Often these nests are located between crevices, underneath large rocks or at the base 
of shrubs and concrete structures in visually rich urban and rural environments. The 
Banded Sugar Ant is a crepuscular species, with foraging activity typically starting with 
a burst of outbound foragers in the early evening that continues until after sunset. Ants 
then forage throughout the night and return to the nest intermittently during the night 
into the following morning after sunrise. At the study colony, the majority of foragers 
travelled about 15 m on a gravel surface to forage on a Eucalyptus tree and 
surrounding shrubs, establishing a distinct and predictable foraging corridor from the 
nest to the foraging area (Fig. 3.4). There is no evidence of trail /pheromone 
recruitment in this species.
3.12B Displacements
From December 2011 to December 2012, foragers returning from the Eucalyptus tree 
around sunrise were caught individually in foam stoppered Perspex tubes at two
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locations, either the base of the foraging tree 15 m away as full-vector, or at 5 m from 
their nest along the foraging corridor (location 1 in Fig. 3.4) as half-vector ants. The 
tubes were fitted into a black sleeve casing and the ant transferred in the dark to one of 
three locations, the (a) local site: 5 m lateral to the foraging route (location 2 in Fig. 
3.4), (b) a distant landmark-rich site: 25 m from the nest, an area these ants have most 
likely never visited (location 3 in Fig 3.4), or (c) a remote landmark-poor site 
(35°17’30.7”S, 149°8’20.2”E): over 5 km from the nest with a very distant and low- 
elevation landmark panorama (see Fig. 3.7). Ants at each location were filmed and 
subsequently their paths were tracked for 15 minutes. Following tracking, half-vector 
ants were caught and released on their foraging corridor, 5 m from the nest (location 1 
in Fig. 3.4).
3.12C Ant tracking technique
The initial path segments were filmed with a Sony HD Handycam (HDR-CX700) that 
was mounted on a tripod above the release sites. The x/y coordinates of the head of 
ants were extracted at 200 ms intervals using a custom-written Matlab program (Digilite 
@ Jan Hemmi & Robert Parker, The Australian National University; Mathworks, Natick, 
MA, USA).
Subsequent ant paths were tracked for 7 or 15 minutes by placing coloured 
flags behind the walking ant (at 10-20 cm intervals), carefully avoiding disturbing the 
ant’s progress. The flag-marked path was later recorded using a Differential Global 
Positioning System (DGPS, NovAtel Inc., Calgary, Canada), with a position accuracy 
greater than 10 cm. The DGPS set-up consisted of a base station antenna (GPS-702- 
GG L1/L2, GPS plus GLONASS), a base station receiver (FLEXPAK-V2-L1L2-G GPS 
plus GLONASS RT-2), a rover antenna (ANT-A72GLA-TW-N (532-C)) and a rover 
receiver (OEMV-2-RT2-G GPS plus GLONASS). The stationary reference or base 
station was set to integrate its position for 30 minutes and then provides corrections for 
the mobile rover antenna, the position of which is determined with centimetre accuracy. 
Northing, Easting and Height coordinates in metres, together with the standard 
deviations of position error estimates were monitored and recorded at 1 s intervals with 
a laptop and extracted with a custom-written Matlab program (see Narendra et al., 
2013a, for detailed methods). Recording was paused whenever error estimates 
became larger than 10 cm.
3.12D Path analysis
For each ant path, the bearing of the ants at 0.5 m along the actual path and at the end 
of the path were determined. The mean vector, p, and the length of the mean vector, r,
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was computed according to Batschelet (Batschelet 1981) using Oriana 3 (©2011 
Kovach Computing Services, Anglesey, Wales). The Rayleigh test was performed to 
determine if bearing distributions were different from random, and a l/test was used to 
determine whether non-uniform bearings were significantly different from the direction 
predicted by the path integrator, the real nest and the foraging tree.
The degree of path straightness was determined and compared at the three 
release locations. First, the straight line distance from the release location was plotted 
against the distance the ant actually travelled (path length). A straight path would thus 
have a ratio of 1, and less straight paths would have values smaller than 1. A 
regression analysis was carried out to determine the slope and intercepts for each 
group, as well as R2 values, using Genstat 13th edn (©2010 VSN International, Hemel 
Hempstead, UK).
3.12E Rotational Image Difference Functions
To quantify the navigational information content of the scenes at the different release 
locations, we recorded panoramic images with a levelled Sony Bloggie camera (MHS- 
PM5, Sony Corp, Japan) placed on the release platforms (15 cm off the ground) or on 
the ground.
Concentric panoramic images were un-warped to rectangular panoramas, 
measuring 1440 x 177 pixels, corresponding to a field of view of 360° x 45°, with a 
resolution of 4 pixels/degree, using a custom-written Matlab program (courtesy of 
Wolfgang Stiirzl, German Aerospace Centre, Germany). Sun glare and reflection 
artefacts in the sky were removed by using the colour replacement tool in Corel Photo 
Paint X5 (Corel Corporation, Ottawa, Canada) to copy adjacent sky patches into the 
corrupted areas. 8 bit grey scale images were converted to floating point arrays, low- 
pass filtered with a 80x80 pixel Gaussian filter with s = 32/2.355 pixels (mimicking an 
acceptance function with full width at half maximum of twice an inter-ommatidial angle 
of 4 degrees) before rotational image difference functions were determined using the 
Matlab circshift function. For each 1 pixel shift, the pixel differences were calculated 
between the reference image and the shifted image, resulting in 1440 x 177 values that 
were squared and averaged. For each image shift, we then calculated the root mean 
squared pixel difference.
3.12F Celestial compass experiment
Individual foragers were captured half-way along the foraging corridor (familiar site) in 
opaque tubes and released into an opaque cylinder 180 cm above the ground. The 
cylinder, 29 cm in height and 30 cm in circumference, blocked the view of the landmark
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panorama. The clear floor was also recessed up into the cylinder, ensuring individuals 
made directional decisions based only on the information available from the open sky 
directly above. Individuals were exposed to one of two conditions: 1) unrestricted view 
of the sky, or, 2) a frosted glass depolarizing filter placed on top of the cylinder. The 
ants’ paths were filmed with a Sony Handycam (HDR-CX700) with night shot (used 
where appropriate) from below. Ant positions were determined with a custom written 
Matlab program (see above) and statistical analyses undertaken using Oriana 3, as 
detailed above.
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Chapter 4: Tandem recruitment in the Australian Banded Sugar Ant,
Camponotus consobrinus
4.1 INTRODUCTION
Many ant species successfully exploit dependably persistent food sources by 
determining the most efficient return routes between their nests and such sources and 
employing recruitment strategies to direct inexperienced workers to those resources. 
Mass recruitment of nestmates often relies heavily on pheromone trails, which may 
recruit very large numbers of individuals (Beckers et al., 1989). Tandem running is 
another recruitment strategy. It involves recruits which individually learn the route to a 
food source by closely following an experienced, previously successful forager 
(Hölldobler et al., 1974; Hölldobler & Traniello, 1980; Baroni-Urbani, 1993). These 
recruits are then able successfully to navigate the newly-learned route on their own - 
the appropriate information having been acquired during the tandem run. Tandem 
running has been described in only a few species, including Cardiocondyla venustula 
(Wilson, 1959), Leptothorax acervorum muscorum and L. nylanderi (Hölldobler et al., 
1974), and Temnothorax albipennis (Franks and Richardson, 2006).
Tandem recruitment comes at a cost. Leaders sacrifice time when involved in a 
tandem pair, because they move forward at a significantly slower pace than solo 
foragers (Franks and Richardson, 2006; Hölldobler and Wilson, 1990). If the recruit 
loses contact the leader stops and waits until the union is re-established, incurring 
further time costs. During such breaks the recruit performs a Brownian search pattern 
(Franks et al., 2010). The length of time the leader waits for a recruit has been shown 
to correspond not only with (1) the time normally required for recruits to re-attach to 
leaders in the subject species (an interval likely to have evolved through the mutual 
tuning of the behaviour patterns of both leaders and followers), but also (2) to the 
amount of time and therefore effort which has already been invested in the recruit by 
the leader in the current encounter (Franks et al., 2010), and (3) With increasing 
proximity to the goal. These factors encourage a leader to wait as long as worthwhile 
for a recruit to re-establish contact. A leader will also increase wait-time dependent on 
the quality of the goal and on the former duration the specific pairing involved (Franks 
and Richardson, 2006; Franks et al., 2010; Richardson et al., 2007).
Chemical cues and tactile stimulation are both considered important for the 
elicitation and binding of pairs in tandem running (Möglich et al., 1974). Chemical cues 
have been shown to stimulate potential recruits to join a tandem pairing, as in 
Pachycondyla obscuricornis, in which it has been observed that potential leaders 
transfer secretions from the abdomen to their hind legs before the formation of a
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tandem pair (Traniello and Hölldobler, 1984). This might be a cue in that species, 
signaling that the ant involved is available for tandem pairing. Outside the nest, tactile 
stimulation by the recruits’ antennae contacting the leader’s abdomen can be important 
in the tandem-running process (Franks et al., 2010; Möglich et al., 1974). In some 
species chemical cues have been shown to be required in order to effect “binding” of 
the recruit to the leader, and could provide focus for a lost recruit when searching for its 
leader (Hölldobler and Traniello, 1980; Kohl et al., 2001; Möglich et al., 1974). Leaders 
in some species, such as Camponotus sericeus, have been observed to deposit trail 
pheromone on the return journey from the goal to the nest before recruiting followers 
(Hölldobler et al., 1974). These trails do not, however, accommodate general 
recruitment of foragers, but are utilised only by the prospective tandem-leaders who 
deposited them.
The particular navigational information learnt by recruits during tandem running 
has not been well understood for any species. Recent work has shown that visually 
impaired tandem recruits in Temnothorax albipennis do rely to some degree on visual 
information for navigation. However, they appear to rely primarily on path integration for 
initial recruitment and supplement the route with landmarks on subsequent solitary trips 
(Franklin et al., 2011). Tandem leaders and followers had their compound eyes painted 
over to impair their vision to ascertain how dependent each was on visual cues. They 
found that whilst eyesight is used during navigation, other cues are used to navigate 
successfully to new nest sites. It was not shown in this study however, in detail, exactly 
what kinds of visual information were important, or whether cues, other than visual, 
were used for navigation by these impaired recruits. Continuing research with T. 
albipennis has revealed that some recruits are able to extrapolate the tandem run and 
proceed successfully on their own after a run has been disrupted during colony transfer 
from an old to a new nest-site (Franks et al., 2010), Also, that during interrupted 
tandem runs, recruits attended to landmarks to make navigational decisions following 
separation from their leader (Basari et al., 2014). The recruits learn landmark 
information during a tandem run, and when their leaders are removed, they utilise this 
information to first search, and then return to the nest following a route different from 
the tandem route. If after separation from the leader the landmarks are moved from the 
initial position during the tandem run, the recruit will change her orientation and 
subsequent path back to the nest. This indicates that recruits in T. albipennis kept in 
laboratory colonies attend to landmark information during tandem runs and utilise this 
information to make navigational decisions (Basari et al., 2014).
In this study, tandem recruitment patterns were observed in two wild colonies of 
the Banded Sugar Ant, Camponotus consobrinus. This species recruits over a much
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larger distance, greater than 20 metres (pers. obs.) than the well-studied T. albipennis, 
(laboratory colonies shown to recruit over a 1 to 2 metres) providing an opportunity to 
characterise tandem running in the wild over distances of several metres. The work 
was conducted over a full year utilising the information collected in Chapter 2 regarding 
activity patterns, in Canberra, Australian Capital Territory. Camponotus consobrinus is 
active during the early evening and morning when light levels are lower than during the 
day (see Chapter 2). Tandem running in C. consobrinus was described in detail. 
Further, leader and recruit paths were studied, and the information gathered by recruits 
during tandem runs at low light levels, when visual information is likely less salient than 
during full daylight, was analysed using a series of displacement experiments.
4.2 METHODS 
4.2A Yearly activity
Tandem recruitment in Camponotus consobrinus was recorded during foraging onset 
activity at the two colonies examined in Chapter 2, in 2010 and 2011. During foraging 
onset, the frequency of tandem pairs leaving and returning to each nest was recorded 
following the protocol laid out in Chapter 2. Seasonal frequency and forager force 
proportions were calculated to examine changes in recruitment patterns throughout the 
year, and recruit pair behaviours were described. The average number of tandem pairs 
per season was determined by dividing the number of tandem pairs observed by the 
number of observation days for each season.
4.2B Surveillance path analysis
a. Experimental set-up
A surveillance camera with infrared lights for night recording was mounted above nest 
A in the Campus Field Station (see Chapter 2), and video footage was recorded at 30 
frames per second onto an ARCHOS 48 internet tablet with DVR recorder. Recording 
started before foraging onset and continued for two to two and a half hours, over 6 
nights in April 2012. A second camera was mounted outside the Research School of 
Biology, approximately 10 metres from two nest entrances of C. consobrinus at a half­
way point between the nests and their foraging tree.
b. Walking speeds
From the surveillance footage, tandem pairs were identified as either looping pairs, or 
non-looping pairs. Looping pairs involved periods of time where the recruit broke away 
from its’ leader and performed a series of loops before re-joining to continue the 
tandem run. The leader of the looping pair did not loop. Non-looping pairs saw no
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breaks containing loops between the leader and recruit for the duration of filming. 
These pairs were treated separately for analysis. Footage was post processed in Final 
Cut Pro to obtain image sequences. The x/y co-ordinates of the head of the leader and 
recruit were digitised every 5 frames using a custom-written Matlab program (Digilite @ 
Jan Hemmi & Robert Parker, The Australian National University, Mathworks, Natick, 
MA, USA). Using these coordinates, actual paths were reconstructed, and walking 
speeds of looping leaders and recruits, non-looping leaders and recruits, and solitary 
foragers were calculated. Paired t-tests were carried out using Genstat 13th edn (©2010 
VSN International, Hemel Hempstead, UK) to determine if tandem pair leader and 
recruit walked at the same speed in both looping and non-looping pairs, and two 
sample t-tests compared the speed of looping leaders and non-looping leaders, as well 
as each leader with solitary forager speed.
4.2C Navigational knowledge
From December 2010 to May 2010 displacement experiments were carried out on 
tandem recruits of Camponotus consobrinus from a nest within the grounds of The 
Australian National University, Canberra. Tandem recruits from a single nest were 
used, located in the Research School of Biology compound on campus. This colony 
was the same colony used for navigational experiments in Chapter 3 and was known to 
predominantly forage in a Eucalyptus tree and garden 15 metres away across gravel. 
Camponotus consobrinus are known to tandem recruit to food sources and had been 
observed recruiting to the tree. All displacement experiments were conducted during 
the onset of foraging activity just before sunset and continued into the evening, after 
the peak of outbound activity, as determined in Chapter 2. All experiments were 
observed using a red light headlamp to avoid disturbing the recruits.
In order to determine the navigational knowledge of the tandem recruits, 
recruited individuals were displaced to two locations; laterally 5 m west of their original 
tandem heading, and back on their original route where they were collected, following 
the protocol outlined in Chapter 3. Only tandem pairs following a predictable route, i.e. 
a route headed in the direction of the main foraging tree, were chosen for 
displacements. As the tandem pair headed out from the nest, coloured flags were 
placed behind the tandem recruit (2 -  10 cm intervals) to mark the route of the tandem 
pair. Once the pair had reached 5 m from the nest location the recruit was captured in 
a foam stoppered Perspex tube and immediately transferred to a darken plastic sleeve. 
The recruit was then released and their subsequent route followed for 7 minutes, 
tracked with coloured flags. Once 7 minutes was reached, the ant was recaptured, 
transferred to the dark, and re-released at the original capture location. Here they were
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followed for another 7 minutes and their paths marked. A Differential Global Positioning 
System (DGPS, NovAtel Inc., Canada) was used to record the paths of each displaced 
recruit as detailed in Chapter 3.
4.2D Navigational path analysis
Bearings of each recruit were calculated at 0.5m along the actual path and at the end 
of the path by taking the position of the release location and determining which bearing 
each ant followed of 360 degrees. This allowed the mean vector, p, and length of the 
mean vector, r, to be determined, as per the analyses in Chapter 3. A Rayleigh test of 
uniformity and a V test were also carried out using Oriana 3 to ascertain if those 
bearings aligned with known directions, the path integrator, the real nest and the 
foraging tree, again, as per Chapter 3. Furthermore, the straightness of paths was 
compared, calculating the distance the ant actually travelled and plotting it against the 
straight line distance from the release location. A regression analysis determined the 
slope and intercepts, as well as R2 values, using Genstat 13th edn (©2010 VSN 
International, Hemel Hempstead, UK), as per Chapter 3.
4.3 RESULTS 
4.3A Yearly activity
Tandem recruitment was observed at both colonies throughout the year. Nest A 
recorded a higher average number of tandem pairs during the summer (41.5 ± 26.3, 
mean ± se), decreasing into winter (3 ± 0) and starting to increase in the spring (11.7 ± 
3.7) (Fig. 4.1, A). Nest B saw two peaks of tandem pairs throughout the year, 
decreasing slightly in the summer and winter (9.6 ± 4.6 and 7.4 ± 3.6, respectively), 
and increasing in the spring and autumn (20.4 ± 9.8 and 16.9 ± 5.4, respectively). 
Large standard errors indicate that tandem recruitment was quite variable at the two 
nests throughout the observation period. Tandem recruitment appears to follow 
outbound forager force at both colonies, with decreases in the number of pairs 
occurring when there is a decrease in the forager force. Similarly, an increase in pairs 
is seen when there is an increase in outbound forager force (Fig. 4.1, B). Further, 
despite the difference in size between the two colonies, nest A containing a much 
larger average work force than nest B, tandem recruitment contributed to a similar 
percentage of the outbound forager force during a year, 3.56% ± 0.82 and 3.57% ± 
0.81 at nest A and B, respectively.
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Fig. 4.1. Frequency of tandem pairs throughout the year at two nests. (A)
Comparison of average outbound forager force at two nests, nest A filled circles, nest B 
open circles, with the average tandem pairs per season. As foraging activity decreases 
during the cooler months, the average number of tandem pairs decreases. (B) 
Comparison of total number of foragers each recording night at each nest (left axis, 
grey line) with the total number of tandem pairs recorded at each nest (right axis, black 
line). Nest A saw the most tandem pairs throughout the year and both nests 
demonstrate a peak in recruitment activity during the summer. N is the number of 
observation days for each season.
On occasion, multiple recruits were observed following a single leader. In most 
instances, only one recruit managed to stay with the leader, typically the individual that 
did not loop and thus maintained consistent contact with the leader. However, footage
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was recorded of multiple tandems staying with a leader over the 2 metre filmed area 
(Fig. 4.2, A). Further, it was observed that when some recruits broke to perform the 
looping behaviour, another ant, seemingly not involved in the tandem run, connects 
with the leader and becomes a new recruit. The two head off together whilst the former 
recruit continues to loop. This is the first time to my knowledge such behaviour has 
been described (Fig. 4.2, B).
At nest A, returning tandem pairs were recorded on 7 of the 27 observation 
days and one returning tandem pair on 1 day of 24 observation days at nest B. Only 
one or two pairs were seen returning on these days, though during foraging onset 
activity on the 25th of January 2011, 15 tandem pairs were recorded returning to the 
nest. This also correlated with the highest tandem pair activity at nest A, 170 pairs 
recorded leaving the nest during foraging.
4.3B Surveillance path analysis
Tandems were separated into two groups, looping and non-looping tandems (Fig. 4.3). 
Looping recruits broke from their leader to perform a series of loops of varying sizes, 
with an average walking speed of 5.60cms (± 0.69). Looping leaders had a slower 
average walking speed than their recruits of 3.33cms (± 0.42). Non-looping recruits did 
not perform loops but may have paused whilst the leader continued on at a constant 
pace. Non-looping recruits had an average walking speed of 3.52cms (± 0.23) and their 
leaders an average walking speed of 3.28cms (± 0.22). The solitary foragers had a 
much faster average walking speed of 15.91cms (± 1.31). Paired t-tests of non-looping 
pairs (n = 17) showed no significant difference in walking speed, thus walking at a 
similar pace to one another. Looping pairs (n = 15), however, had significantly different 
walking speeds (p < 0.001), with the looping recruit walking faster than the leader. 
Leaders of looping or non-looping tandems showed no significant difference in their 
walking speed when compared in a two-sample t-test, walking at similar average 
speeds. Both types of tandem leaders walked significantly slower than solitary foragers 
(p < 0.001 between looping leaders and solitary foragers, and between non-looping 
leaders and solitary foragers; solitary forager n = 16).
To further examine the difference in walking speeds, the distance between the leader 
and recruit were compared between looping and non-looping recruits, as well as to 
solitary foragers (Fig. 4.4). Looping recruits walked faster during looping behaviour 
(Fig. 4.4, B), whereas in non-looping tandems, the recruit remained close to the leader 
and maintained a similar pace (Fig. 4.4, C). Leaders in both types of tandem runs kept 
constant movement, i.e. the leader does not generally wait for the recruit, with rare
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Direction of travel 
10cm
Fig. 4.2. Examples of the different types of tandem recruits. (A) Three types of 
recruits were and classed as looping (left), where the recruit broke contact with the 
leader and performed a looping behaviour; non-looping (centre), where the recruit may 
have broken contact with the leader but did not loop, following the path of the leader; 
and multiple recruits (right), where more than one recruit, in this example, two, 
remained with the leader for the entire observation period. (B) Apparent solitary 
foragers become recruits when the first recruit either breaks for a looping behaviour 
(left), or pauses too long behind the leader (right) and another ant continues the tandem 
pair. Red path is the leader, blue the first recruit and green the second recruit. Open 
circles denote nest entrance, closed circles denote when ants entered field of view of 
camera.
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observations of leaders stopping and waiting for a looping recruit to return. Tandem 
pairs were slower than solitary foragers.
An examination of a tandem swap demonstrates a solitary forager becoming a 
recruit. In Figure 4.5 another example of a tandem swap path is shown, a leader starts 
with one recruit who begins a loop pattern in this case and another forager becomes a 
recruit. The looping behaviour of the first recruit was not essential for a swap to occur 
(see path in Fig. 4.2, B).
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Fig. 4.3. Walking speeds of tandem pairs and solitary foragers. Regardless of the 
tandem pair type, looping or non-looping, the leader moves at a similar pace. The 
speed of the recruits differs, with looping recruits moving faster than non-looping 
recruits, and significantly faster than their leaders (p < 0.001). Non-looping recruits are 
not significantly faster or slower than their leader. Solitary foragers move significantly 
faster than either leader type (p < 0.001 in both cases).
4.3C Navigational knowledge
Recruits that were displaced laterally to their tandem run direction had a number of 
navigational options available to them. Individuals can be lost, not recognising their 
surrounds, which is indicated by continuing search movements. If recruits are able to 
recognise their location, landmark information can be used in two ways to compensate 
for the displacement. Firstly, recruits can be guided by landmarks to successfully return 
to the nest, enabling them to start their foraging trip again or potentially become
78
"O
0
0
CL V 
0 0
C E.E o  
0
0
E
o
0
CL
0 O
c
0 
-4— »
C / )  c  
L J  (D
I
0
JD
B
"O
0
0
CL
0
CJ>c
0
E
o
0
§
4
2
Non-looping
0
E
o
0  TTO -b= 
C 0  
0  CL
-4—»0  C 
I—1 m
0_Q 6 12
Time (mins)
Fig. 4.4. Distance between leader and recruit and corresponding walking speed 
for a looping and a non-looping example. (A) Walking speed of the leader (filled 
circle) and recruit (open circle) in 30 second bins (above), the distance between the 
head of the leaser and the recruit over time (below), and corresponding path (right). As 
the recruit moved away on a loop her walking speed increased whilst the leader 
remained at a constant pace. (B) A non-looping example, the leader and recruit 
maintain a similar walking speed (above) and the recruit stays close to the leader 
throuahout the run (below). Blue line is the recruits Dath. red line the leaders.
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Fig. 4.5. Distance between leader and recruits for a tandem swap. The distance 
between the head of the leaser and the recruit over time for recruit 1, green line, and 
recruit 2, blue line, with corresponding path (right). The first recruit remains close to the 
leader for the first two minutes before moving away and performing a loop, at this 
stage, the second ant then becomes a recruit and connects with the leader for the 
remainder of the recorded path. Green line is the first recruits path, blue line is the 
second recruits path, and the red line is the leader.
another recruit. Secondly, they can continue foraging from the displaced location 
towards the original recruiting direction, or forage in any direction. This indicates that 
the recruits are actually experienced foragers and recognise where they are. Displaced 
recruits may rely on stored path integration vector information to compensate for their 
displacement. In this instance the recruit would move back in the direction where the 
nest would be had they not been displaced.
A total of 21 recruits were displaced 5 m laterally and had an average path 
length of 12.00 ± 1.59 m. All paths can be seen in Fig. 4.6, A. Circular histograms, see 
Fig. 4.6, C, of the 0.5 m bearings show a mean vector (p = 31.44°, r = 0.43), indicating 
little directional consensus at 0.5m. At the final bearing position, the mean vector length 
had decreased considerably (p = 351.48°, r = 0.06) and it appears that only some 
individuals are oriented towards known goals whereas others appear disoriented, as 
seen in the actual paths (Fig. 4.6, A). Compared with the findings of displaced solitary 
foragers in Chapter 3, figures 3.3, 3.5, and 3.6, it is clear that some recruits are 
oriented towards known goals, and following recruits at the familiar site they return to 
the nest successfully, indicating they are oriented. The original cluster of bearings at 50 
cms may reflect the state of the recruits, as it is possible they were searching in this 
direction, the original direction of travel, for their leader. The dispersal of bearings at
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Fig. 4.6. The paths of recruits at the local and familiar sites. (A-B) The paths of 
recruits released at each site with the release position indicated by the red open circle. 
At the local site (A), recruits immediately begin to search with some ants moving 
towards the tree or real nest location. (B) most ants move to the nest, though 4 ants 
head to the foraging tree. Average path lengths at each site: (A) 12.00 ± 1.59 (mean ± 
se) (B) 9.83 ± 1.06 Arrows indicate the bearings of the path integration vector (green), 
the real nest (red) and the foraging tree (black). (C-D) Circular histograms of the 
bearings as per protocol in Chapter 3. Rayleigh tests demonstrate that bearings were 
not significantly different from random for C, but were so for D. Mean bearings for 50 
cm and end positions, respectively, and the length of the mean vectors are (C):p = 
31.44° and 351.48°, r = 0.43 and 0.06; (D): p = 225.18° and 225.40°, r = 0.51 and 0.44. 
At D, the mean direction is not significantly different from the direction of the real nest at 
220.52°, V-test, p < 0.01). (E-F) The straight-line distance from the release point over 
the path length for each site. Regression lines through all data are shown in red and 
their slopes are given in the inset. 81
the end of their paths suggests a change in motivation occurred, returning to the nest, 
tree, or remaining lost.
Fig. 4.6, E, shows the actual distance travelled plotted against the straight-line 
distance from the release point. A ratio of 0.33 ± 0.05 demonstrates that tandem 
recruits displaced to the local site show path straightness similar to those outbound 
foragers released to the remote site (0.32). These paths are not very straight and the 
ant does not gain equally in straight-line distance from the release and the actual 
distance travelled. After travelling an actual distance of 5 metres, the ants will have 
reached 1.47 m from the release site in a straight line, as indicated by the regression 
slope, y = 0.29x.
A total of 14 recruits were re-released on their original route and had an 
average path length of 9.83 ± 1.06m. All paths can be seen in Fig. 4.6, B. Circular 
histograms see Fig. 4.6, D, of the 0.5 m bearings show a mean vector that corresponds 
to the real nest direction, despite a weak vector length (p = 225.18°, r = 0.40). At the 
final bearing position, the mean vector length had decreased slightly, yet the mean 
vector remained the same (p = 225.40°, r = 0.44) and from the actual paths it is clear 
that the majority of individuals return to the actual nest whereas others headed out to 
the foraging tree (Fig. 4.6, B).
Figure 4.6, F, shows the actual distance travelled plotted against the straight- 
line distance from the release point. A ratio of 0.77 ± 0.05 demonstrates that tandem 
recruits released on the route walk much straighter paths, though not as straight as the 
displaced outbound foragers (0.82). After travelling an actual distance of 5 metres, the 
ants will have reached 3.19 m from the release site in a straight line, as indicated by 
the regression slope, y = 0.64x.
When displaced laterally, some recruits are able to compensate for 
displacement and make their way to the tree, or the nest (Fig. 4.6, A, C). These 
individuals walk the straightest, and are the straight and direct paths in Figure 4.6, E. 
They walk directly towards the known location. The majority of recruits, however, 
immediately commenced search upon release. Though it appears no recruits relied 
upon their path integration vector, some individuals performed sweeping search 
behaviour along the vector, yet the concentration of search is not biased along the path 
integration vector and there is no directional bias (Fig. 4.6, C).
When released back on the route, the majority of recruits return to the nest (Fig. 
4.6, B). Of the recruits released on route, four individuals then headed out along the 
foraging corridor to the tree.
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4.4 DISCUSSION
4.4A Recruitment in Camponotus consobrinus
The Banded Sugar Ant, Camponotus consobrinus, is a crepuscular/nocturnal ant 
species. As shown in Chapter 2, individuals begin activity after sunset, and return again 
during morning twilight. All tandem running activity therefore occurred during periods of 
twilight, when visual cues are less salient than during the day (for reviews see; 
Warrant, 2004; Warrant and Dacke, 2011). During observations, tandems rarely left the 
nest entrance together, and more often connected with each other outside of the nest. 
This is unlike reports of other tandem running species where pairs emerge from the 
nest in close proximity to each other. This could be related to the use of pheromones 
identified for the initiation of tandem runs within the nest, and the cohesion of the 
recruit to the leader (Hölldobler et al., 1974; Hölldobler and Traniello, 1980; Möglich et 
al., 1974). During 24-hour observations of colony activity, it was rare to see tandems 
leave the nest during the night. This could be related to the reduction of ambient light 
during the night. Less commonly, tandem pairs were seen returning to the nest in the 
morning when solitary foragers were returning. Finally, tandem pairs were also 
observed to leave the nest and follow a large loop (up to 5m, EJTM, unpublished data) 
before being lead back to the nest entrance. These could be interpreted as a sort of 
learning walk for naive recruits, or could indicate a loss of goal orientation in the leader, 
who returns to the nest to reorient for foraging. However, this behaviour was rarely 
seen and remains to be investigated.
Tandem recruits formed a low percentage of the forager force at both colonies 
examined, less than 4% of the total forager force. At such a low percentage it is 
reasonable to ask if the investment is worthwhile. It is important to note that it is not 
known how many foraging trips each forager took, as detailed in Chapter 2. The speed 
of the leaders remained constant regardless of the type of follower (looping or non­
looping) and leaders continued to move forward even if their recruit was not with them. 
In regards to the type of follower, it is not intended as an interpretation such as a “type” 
of forager, such as a soldier forager, but simply that recruits in this study either looped 
or did not loop when being observed, and it is unclear as to why some loop and some 
do not, but that those who do not loop, will not start looping during a tandem run. Other 
studies demonstrate that the leader waits for her recruit, but here we find that the 
leader continues to move forward, albeit at a very slow pace. The leader is incurring a 
significant time cost when involved in a tandem run. In this study, solitary foragers 
could move up to five times faster on average than leaders of tandem pairs. This was 
also demonstrated in Temnothorax albipennis, with solitary foragers proceeding four 
times faster than their leader counterparts (Franks and Richardson, 2006).
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The presence of two distinct follow types, looping and non-looping, might 
suggest a disparity in prior foraging experience between recruits. Do naive foragers 
need to loop, and loop more often, in order to collect enough information for 
navigation? Are non-looping recruits already experienced foragers, and if so, what 
compels them to become part of a tandem run? In this study, the experience level of 
recruits was unable to be determined and remains to be investigated. However, 
navigational knowledge was examined. Unfortunately in this study no examination of 
the contact between the pairs was conducted. From observations, the contact is 
antennal between the recruits antennae and the leaders abdomen, but further 
examination of the role of pheromones and the changes in contact between the pair 
was not examined. This is an area of great interest and should be examined in the 
future.
4.4B Recruitment flexibility
For the first time, flexibility amongst recruits has been described. In C. 
consobrinus, multiple tandems were observed to remain with a single leader over 
several metres. Furthermore, when a leader and recruit became separated due to the 
looping behaviour of the recruit, another ant, seemingly a solitary forager, could 
become engaged in the tandem run and take the place of the looping recruit. In no 
other studies known to the author has this been described. How would the flexibility of 
foraging individuals to become recruits benefit C. consobrinus? What signalling is 
present from the leader to alert passing solitary ants to her status as a tandem leader? 
Are pheromones involved and do they play a more general role of simply identifying a 
leader, possibly as a form of tandem calling (Möglich et al., 1974; Traniello and 
Hölldobler, 1984), rather than binding a recruit and leader together in a strict pair 
(Hölldobler and Traniello, 1980; Kohl et al., 2001; Möglich et al., 1974)? Further 
research is required to examine this flexibility in pairings in C. consobrinus.
4.4C Experienced or naive recruits?
The majority of research relating to tandem recruitment is the type that involves 
recruitment of nest mates to new nest sites. In this situation it is often assumed that the 
recruit is naive to the new nest site (Franks et al., 2010; Möglich, 1978; Richardson et 
al., 2007; Traniello and Hölldobler, 1984). However, in potential nest site evaluations in 
the Indian ant Diacamma indicum leaders may act as recruits to other nest sites (Kaur 
et al., 2012), and recent work involving Temnothorax albipennis demonstrates the 
experienced individuals are more likely to become recruits than their younger and less 
experienced nest mates (Franklin et al., 2012). Little research has examined if recruits
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in tandem pairs recruiting to a food source are naive. It is assumed in most cases that 
recruits are either naive ants that have not foraged before (Hölldobler et al., 1974), or 
that recruits are known to be naive to the food source they are being recruited to 
(Franks and Richardson, 2006). In this study we show in the field that indeed 
experienced foragers are often recruited into tandem runs, as is clearly demonstrated 
by those individuals capable of navigating to known goals after displacement, similar to 
those individuals seen in Chapter 3.
During uninterrupted tandem runs, recruits would often break from their leader 
and perform loops. There seemed to be a distinct separation of recruits that would 
loop, and recruits that would perform no loops during filming when leaving the nest. 
This suggests that looping recruits might have had little foraging experience and 
needed to gather more information for successful navigation. The non-looping recruits, 
however, might have already been experienced foragers, or at least were familiar with 
the area in close proximity to the nest, and thus not required time to gather more 
information to successfully navigate the area.
Despite displacement and disconnection from their tandem leader, some 
Camponotus consobrinus recruits are able to successfully compensate for a local 
displacement and make their way to the foraging tree. This indicates prior knowledge of 
the local environment and the dominant foraging area, the Eucalyptus tree. It could 
then appear counterintuitive to recruit individuals that already know the location of a 
foraging tree, but the tree simply provides a road to other food sources. Finding food 
distributed at random on the ground might be just as difficult as finding reliable food 
sources on a tree. As an individual forager looks for a food source along a tree branch, 
it could be faced with a multitude of directional decisions along each branch that may 
or may not result in success. Instead it could be a more efficient way of solving the 
problem of extensive searching along tree branches if individuals are recruited, in this 
case via tandem running, to a reliable food source, regardless of their previous foraging 
experience. It must be mentioned that locating a nearby tree could indeed be an innate 
ability and this has not been examined within this study. The distances and complex 
terrain that colonies have covered to reach an appropriate tree, as detailed in Chapter 
2, suggests that such an innate ability would be very difficult to sustain over such 
distances, and even the decision between a group of appropriate trees, some colonies 
do not choose the closest tree. This suggests something other than closeness is 
important and may place some doubt in the innate ability of these ants to find 
appropriate foraging trees. However, this is something that warrants mention and 
research in the future.
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Up to now, it was not clear what navigational information recruits learn during 
tandem running. By comparing the behavioural responses of the experienced solitary 
foragers (Chapter 3) with those of the tandem recruits, it appears that displaced 
Camponotus consobrinus recruits do rely on terrestrial visual information. As seen in 
the solitary foragers, recruits could locate the foraging tree on their own, indicating 
experience and the use of terrestrial visual cues that allowed for compensation of 
displacement and successful navigation. When compared to the solitary foragers 
released at the familiar site, the recruits have longer and more tortuous paths to reach 
the nest (means of 6.37 m and 7.58 m for the outbound foragers and the inbound 
foragers, respectively, compared with 9.83m for recruits). This may indicate that longer 
time is required for recruits to access navigational knowledge about the route in order 
to return to the nest. It must be noted that it is possible that individuals retain path 
integration information during displacement, and may not run out their path integrator 
whilst searching at an unfamiliar site. This would mean that upon re-release at the 
familiar site, they could access their path integrator to return home. However, there is 
currently no published literature that supports this idea.
Recruits were faced with the same visual challenges as their solitary foraging 
counterparts, of diminishing light levels over the course of their tandem run. Further 
investigation is necessary to determine if the cues used by the recruits are similar to 
those used by the displaced outbound solitary foragers and if this species possess any 
adaptations that allow navigation during significantly reduced light levels, as compared 
with diurnal species. These findings add weight to experiments that demonstrate that 
the recruit is attending to the surrounding visual scene during a tandem run. The recruit 
is extracting information from the surrounding visual environment during a tandem run 
that might aid successful navigation to and from the food source or a new nest location 
(Basari et al., 2014; Franks et al., 2010).
Finally, it must be noted that recruited ants released on the familiar site would 
not be naive to the surroundings of the familiar site, as they would have been exposed 
to these views on the outbound leg of their tandem run before being captured. As such, 
their ability to return to the nest is not reflective of their foraging experience or naivety, 
but indicates they have learnt something of their surroundings, learnt views in order to 
return home. The ability for some individuals to head out to the foraging tree supports 
the idea that some recruited foragers are indeed experienced foragers. The lack of 
search behaviour at this release location also supports the idea that they are not 
searching for a leader, but simply returning home.
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4.4D Search behaviour
The looping behaviour of recruits displayed search patterns very similar to that of 
displaced tandem recruits, and displaced solitary foragers. In both displacement 
instances, the ant in question was unable to orient itself along known bearings (the 
path integration vector, real nest or foraging tree location). Instead, individuals 
continued to perform searching loops, first circling away from the release point, then 
returning to it. This behaviour is very similar to that displayed in looping tandem 
recruits. This suggests that similar information is gathered, or sought, during these 
loops, that is, visual information of the environment that will assist in orientation and 
navigation. It must be noted that the behaviour after release between looping and non­
looping recruits was not examined as recruits could not be individually marked so 
unable to confirm that between observation days different ants were recruited.
The majority of displaced recruits began a search upon release. It is possible 
that these ants were familiar with the environment and potentially could have 
compensated for displacement as was seen in solitary foragers (Chapter 3), but were 
instead triggered to search by the disconnection from their tandem leader. The amount 
of time a recruit will engage in search after a loss of contact with the leader has been 
shown to correlate with the effort that has been invested into the tandem run to that 
point (Richardson et al., 2007). For Camponotus consobrinus it is likely that recruits 
engaged in search could have been looking for their leader, although a search for the 
whole seven minutes is significantly longer than a leader would wait for a recruit under 
these conditions (EJTM, unpublished data). To explain recruits that searched for the 
full seven minutes, it seems possible that recruits initially began searching for their 
leader, only to switch and search for familiar cues to orient themselves. Interestingly, 
in this study, leaders on surveillance footage rarely waited for their recruit if 
disconnected, but instead moved forward at a steady pace, much slower than the 
normal speed for a solitary forager. This could link back to the flexibility of recruits with 
the leader expecting another forager to join up with her and become a new recruit, thus 
continuing movement at a steady pace.
4.5 CONCLUSIONS
Tandem recruitment makes up a small percentage of outbound forager force in 
Camponotus consobrinus. Patterns of recruitment follow yearly foraging patterns, 
peaking in the warmer months, and decreasing in the summer. Experienced individuals 
will act as recruits, yet despite experience, leaders will maintain the same pace when 
leading non-looping or looping recruits, presumably less experienced recruits, that is 5 
times slower than the pace of solitary foragers. Tandem pairs are flexible, not only in
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that experienced individuals act as recruits, but also, if a tandem pair breaks up, a 
nearby solitary forager may hitch onto the leader and become a new recruit. This 
behaviour has not been documented in any other tandem running species. Here I 
demonstrate that recruits learn visual information on tandem runs during low light level 
conditions, and are thus able to navigate back to the nest even if their path integration 
vector has been run out during displacements. This is supported by the ability for 
recruits displaying searching patterns at the displacement site being capable of 
returning directly to the nest upon the familiar release, indicating that some form of 
visual information was gathered on the outbound journey before being captured. It is of 
interest to examine this further, to determine the extent of prior knowledge in all recruits 
and how this influences the behaviours seen in tandem recruitment and the probability 
that a forager will become, or even lead, a recruit. Recruits also display similar search 
patterns to those of displaced solitary foragers, suggesting a search for visual 
information from the environment.
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Chapter 5: The visual system of the Australian Banded Sugar Ant, Camponotus
consobrinus
5.1 INTRODUCTION
How insects perceive the world and process visual information has long been a hot bed 
of scientific research. As we come to understand the design of compound eyes, which 
are very different from our camera eyes, we gain insight into how vision allows insects 
to solve problems posed by the demands of flight control, predator detection, 
communication and navigation.
Insects inhabit a broad spectrum of environments across a variety of ambient 
light levels. Dependent on the time of day at which individuals are active they are 
challenged to cope with vastly different ambient light levels to obtain useful visual 
information in order to navigate and forage effectively (Warrant and Dacke, 2011).
Hymenopterans, like the Banded Sugar Ant, Camponotus consobrinus, possess 
apposition compound eyes. These eyes are generally most advantageous for species 
active during bright periods of the day as the amount of light reaching individual 
photoreceptors is limited by the small aperture of individual facet lenses (Land, 1981; 
Nilsson, 1989). This also means that during times of low light, for example at night, 
apposition compound eyes cannot provide reliable signals to the brain (Warrant, 2004). 
Despite this, many species of both flying and walking insects have a crepuscular or 
nocturnal lifestyle, challenging the capabilities of the apposition compound eye to 
provide information for tasks such as obstacle avoidance and homing (e.g. wasps, 
Greiner, 2006; mosquitoes, Land et al., 1999; ants, Reid et al., 2011; bees, 
Somanathan et al., 2009).
There are different ways in which the limitations of apposition compound eyes 
can be overcome. The timing of activity may reflect the limitations of apposition eyes. In 
the nocturnal ant Myrmecia pyriformis, patterns of activity are timed with the morning 
and evening twilight periods. Whilst foraging is performed during the darkest parts of 
the night, navigating to and from the nest occurs during the brighter periods of twilight 
(Narendra et al., 2013b). This behaviour may allow this species to extract just enough 
visual information from the surrounding landmarks to guide them (Narendra et al., 
2010). Further, when individuals are found to navigate outside of twilight periods, they 
are observed to pause, as well as walking slower than during twilight (Narendra et al., 
2013b; Reid, 2010). On the other hand, physiological adaptations, such as an increase 
in facet sizes, eye area or rhabdom diameters, may aid in the capture of more light. 
The optical structures of the nocturnal sweat bee, Megalopta genalis, show significant
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deviations from those of the diurnal honeybee, Apis mellifera. As well as larger eyes 
and larger facets (36 pm compared with 20 pm facet size), the nocturnal bees also 
have wider rhabdoms, 8 pm as compared with 2 pm in the honeybee (Greiner et al., 
2004; Warrant et al., 2004). This allows M. genalis better optical sensitivity, up to 27 
times greater than that of its diurnal counterpart (Frederiksen and Warrant, 2008). 
Further, neural adaptations, such as the summation of photons over time or space, can 
enhance a visual scene (Greiner et al., 2005; Warrant, 1999; Warrant et al., 2004; 
Warrant et al., 1996). Similarly, in Myrmecia ants visual adaptations were found not 
only across species, but also between castes within a species (Greiner et al., 2007; 
Narendra et al., 2011). In the bull ant Myrmecia pyriformis, workers are active during 
the morning and evening twilights and also throughout the night. The males and 
queens of this species, however, perform mating flights during the day. These castes 
experience vastly different visual environments based on changes in light intensities 
and this is reflected in their anatomy. Workers of M. pyriformis possess larger facets 
and wider rhabdoms than their reproductive counterparts, allowing them to capture 
more light necessary at low light conditions.
It is necessary in studies of vision to ascertain the role of vision in an animals 
behaviour. For navigational tasks vision is required for several different aspects. Vision 
may be required to avoid obstacles as they journey to and from the nest (e.g. Schmidt 
et al., 1992; Wystrach et al., 2011). Insects also use vision to locate places by 
memorising landmark panoramas from certain positions along the route (e.g. in ants, 
Baddeley et al., 2012; Collett, 2010; Collett et al., 1992; in bees, Dittmar et al., 2010; 
Lehrer and Collett, 1994; for a review see Zeil, 2012). This has been shown to be a 
robust form of navigation even with the low resolution of the insect compound eye (e.g. 
Philippides et al., 2011; Vardy and Möller, 2005). Lastly, vision plays an important role 
in identifying terrestrial and celestial cues. In chapter 3, navigational displacements 
were performed to determine to what extent C. consobrinus foragers relied on such 
cues for navigation. Foragers attended to the local terrestrial cues to orient themselves 
back to the nest. In other ant species, such as Melophorus bagoti, the strong contrast 
between the sky and terrestrial objects along the panorama has been shown to provide 
enough visual information to allow individuals to navigate home (Graham and Cheng, 
2009a; Graham and Cheng, 2009b). Some ants derive compass information from the 
pattern of polarised skylight used during path integration such as the desert ant 
Cataglyphis fortis, (Wehner and Labhart, 2006) and the bull ant Myrmecia pyriformis 
(Reid et al., 2011).
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The ability to gather more light or to concentrate activity in periods of greater 
light intensity (i.e. for animals that display crepuscular activity), may help insects to 
extract more visual information from their surroundings for navigation. The activity of 
Camponotus consobrinus exposes them to diminishing light levels at sunset and a 
rapid increase in light levels at sunrise the next morning. During these particular times 
of day, the pattern of polarised skylight is particularly simple as it has a greater degree 
of polarisation as the light of the whole sky is polarised in one direction (Cronin et al., 
2006). That is, as the sun is at the horizon, all e-vectors in the sky are oriented in a 
north-south direction and the band of maximal polarization runs north-south through the 
zenith. This then provides reliable navigational cues, as has been demonstrated in both 
day- and night-active ant species (e.g. Reid et al., 2011). Also of interest in this study is 
the role of the dorsal rim area in the detection of patterns of polarised skylight.
As documented in Chapter 2 (Activity and Ecology), Camponotus consobrinus 
are active from early evening, throughout the night and into the morning. Spanning a 
range of light levels from the dark nights to the bright mornings, this begs the question, 
what kind of visual adaptations might C. consobrinus have in order to successfully 
navigate and forage across this visual spectrum. Here the anatomical aspects of the 
visual system of C. consobrinus are examined in order to determine the potential 
adaptations that allow successful exploitation of their niche across changing light 
levels. Further, behavioural experiments examined the ability of animals to derive 
directional information with and with a dorsal rim area (DRA) available to them.
5.2 MATERIALS AND METHODS 
5.2A Study species
Foragers of Camponotus consobrinus were collected from a nest located on the 
grounds of the Research School of Biology, The Australian National University, 
Canberra (35°16’42.50”S 149°07’00.05”E). Though there is no evidence of behavioural 
castes in this species, C. consobrinus does display a size polymorphism. As such, a 
concerted effort was made to sample individuals from the entire range of sizes to avoid 
any bias towards the larger or smaller workers. Head width (used as a surrogate for 
body size; Schwarz et al., 2011b), length, interoccular distance (shortest distance 
between eyes on the dorsal section of the head), and eye size (anterior-posterior axis) 
measurements were made from 44 ants using ImageJ (Wayne Rasband, National 
Institutes of Health, USA) from photographs taken with a Wild M400 Photomacroscope. 
The cephalic index was calculated for each individual by dividing the head width by the
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head length, then multiplying by 100, in order to determine the distribution of head 
shapes and how head shape may relate to eye size and facet number.
5.2B Eye replicas
To determine the variation in facet number and size across this polymorphic species, 
26 individuals were euthanised and mounted on pins. Each eye was then painted with 
a thin layer of clear nail polish (Ribi et al., 1989). The nail polish was allowed to dry (for 
3 minutes) and was then removed using fine forceps. Upon removal, the polish 
provides a clear replica of the compound eye external structure and were mounted on a 
microscope slide and digitally photographed with a Leica Leitz DIAPLAN microscope. 
To map the facet number and size, the images were loaded into a custom-written 
Matlab program (© Richard Peters, La Trobe University), where the area of each facet 
could be individually determined, and it’s area calculated and the distribution of facet 
sizes mapped across the whole eye.
A further two ants were collected of the alate males and females. Replicas were 
made of these as per the protocol listed above. The ocelli of each form were also 
measured.
5.2C Histology
Ants collected for histology were placed on ice for at least 20 minutes before initial 
dissections to immobilise them. All photographs were taken with a Zeiss Axioplan 2 
upright epifluorescence microscope.
Fixation protocol
To allow full penetration of the fixation solutions, the mouthparts were removed. 
Individuals were then placed in a pre-fix solution of 2.5% glutaraldehyde and 2% 
paraformaldehyde in a phosphate buffer (pH 7.4 -  7.6) for two hours. They were 
transferred to 2% Osmium tetroxide in distilled water for one hour. Following this, 
individuals were dehydrated through an ethanol series (70%, 80%, 95%, 2 x 100%) 
before being transferred to acetone and embedded in an Epoxy resin (FLUKA).
Before sectioning, mounted heads were split and the eyes repositioned to allow 
the best plane for sectioning the areas of interest. Araldite two part epoxy (Selleys) was 
used to reposition the heads and allowed to harden overnight in an 80°C oven. Glass 
knives were used on a Leica EM UC7 microtome to take 0.9 to 1 /vm thick serial 
longitudinal and cross-sections (dependent on the area of interest), which were stained 
with toluidine blue.
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Areas of interest
a. Eye anatomy and dorsal rim area
Five forager ants were collected during the onset of activity (i.e. at sunset; see chapter 
2) and fixed for cross and longitudinal sectioning, as well as close investigations of the 
anatomy of the dorsal rim area.
b. Light and dark adaptation
To determine whether C. consobrinus possessed an adaptive pupillary mechanism to 
allow light capture under different ambient light extremes (bright day and dark night), 
ants were fixed under two conditions. Further, individuals were examined to determine 
whether ambient light levels triggered this mechanism.
To examine natural rhythms, five individuals were fixed under red light in the 
field during normal evening activity periods (9pm). These are considered naturally dark- 
adapted. Then, five individuals were fixed in the field under natural light conditions 
during normal morning activity periods (9am). These are considered naturally light- 
adapted.
To elucidate the degree to which adaptation mechanisms are driven by light or 
by circadian rhythm five individuals were taken from morning conditions and placed in a 
darkened box for an hour before being fixed in a dark room under red light. These are 
considered ambient dark-adapted. Then, five individuals were taken from evening 
conditions and placed under bright-diffused light for an hour before being fixed beneath 
that light. These are considered ambient light-adapted.
c. Newly hatched eye anatomy
Individuals from a colony of C. consobrinus were collected from the Black Mountain 
Nature Reserve, Canberra, (35°16’02.3”S 149°05’48.0”E) and kept in a large glass 
petri dish covered by red filter and kept in a darkened room. Several pupae were 
collected, along with ants that appeared to be tending the pupal cases. Sugar water as 
well as insect carcases were provided ad libitum for individuals to feed on. Over a 
period of two weeks, all individuals were marked with paint (Citadel®, UK) in order to 
identify newly emerged ants. Two ants that had emerged within 12 hours were 
collected and fixed under red light to gain a perspective on the visual anatomy of newly 
hatched ants.
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5.2D Transmission electron microscope protocol
To examine the organisation of the rhabdom and the contributing retinular cells a 
specimen was sectioned using a diamond knife on a Leica EM UC7 microtome. Serial 
ultra-thin cross-sections were collected and stained with 6% saturated uranyl acetate 
for 10 minutes, followed by lead citrate for 10 minutes. These samples were then 
viewed using a Hitachi HA7100 transmission electron microscope and appropriate 
areas photographed.
5.2E Optical properties
From the digital photographs of histological sections, the focal length, interommatidial 
angles and eye sensitivity were calculated using the following formulas (see Schwarz 
et al., 2011b):
To determine interommatidial angle, two methods were used. The first method 
begins by determining the curvature of the eye, or the local eye radius, R\
where s is the baseline length of a segment of the compound eye in longitudinal 
section, and h is the height of the area of interest of the outer eye (Schwarz et al., 
2011b). Interommatidial angles (A(px) can then be determined from the curvature of the 
eye (F?) and the average diameter of the facets (D) according to (Land, 1997):
This method, however, does not seem appropriate for use in the sugar ant eye, as 
calculating angles from small curvatures within the horizontal plane can lead to errors. 
As such, a second method was investigated that has been demonstrated in Narendra 
et al., 2013a.
The second method for determining interommatidial angles (A02) assumes 
each eye has a hemispherical visual field and is divided by the number of facets:
R =
2 h
D
A 0 1  =  — 
R
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where Z = 41252.96 (square degrees for a complete sphere) and N = the average facet 
number. This equation will be used for males and queens, who appear to have eyes 
closer to a hemispherical nature. However, from longitudinal sections it is clear that the 
worker sugar ant eye is not hemispherical and forms an angle closer to 145°. Thus, a 
new equation specifically designed with the different eye shape of C. consobrinus was 
formulated:
where z = 16615.78 (square degrees for 145°) and N = the average facet number. 
Results from this equation will be reported for workers of C. consobrinus.
To determine the effective focal length, the thick-lens formula was applied 
according to equations given in Schwarz et al., 2011b and Stavenga, 2003b, with the 
power of the thick lens:
with = the power of the front surface of the lens and P2 = the power of the back 
surface of the lens; n0 = 1 (the refractive index of air); n^  = 1.43 -  1.45 (range of the 
refractive index of the lens); n2 = 1.34 (the refractive index of the crystalline cone); n = 
outer lens surface radius; r2 = inner lens surface radius; and t = the distance between 
the vertices of the inner and outer lens surface (the thickness or length of the lens).
The primary focal length f as measured from the secondary nodal point N is the 
calculated by:
P L -  Pi +  P2 +  P3,
where:
t
.P3 =  - P i P 2-
Tli
and the distance dn of the secondary nodal point N from the vertex of the back surface 
of the lens is given by:
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dn =
After calculating focal length, the angular extent of the rhabdom at the nodal 
point of the lens can be determined:
where d is the diameter of the distal tip of the rhabdom; and f is the focal length. For 
small diameter rhabdoms, this equation achieves the best true acceptance function 
estimate (Stavenga, 2003a). If information is not lost and assuming bright light, the 
acceptance angle can match the interommatidial angle (Ap ~ 2A0)(Land, 1997).
The sensitivity of the eye is then determined from the F-number. This number 
predicts the light gathering capacity of the eye by examining the ratio between the focal 
length and the lens diameter (Kirschfeld, 1974; Land, 1981). A lower number indicating 
a more sensitive eye:
where f is the focal length as determined earlier; and D is the facet diameter in a 
particular eye region.
The optical sensitivity of the eye (S) as measured by the Kirschfeld-Land 
sensitivity equation, defines the light gathering ability of the eye when it views an 
extended source of white light (Kirschfeld, 1974; Land, 1981). It is defined as (Warrant 
and Nilsson, 1998):
where D is the facet diameter; / is the rhabdom length; k is the absorption coefficient 
(assumed to be 0.0067 pm"1); d is the diameter of the distal tip of the rhabdom; and f is 
the focal length.
d
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To determine the trade off between resolution and sensitivity in the eye, the eye 
parameter is calculated:
p = D AcJ)
where D is the facet diameter; and AcJ) is the interommatidial angle in radians. A larger 
eye parameter indicates an increase in sensitivity but a loss in resolution.
5.2F Dorsal rim area (DRA) manipulation
As shown later, these ants have a large dorsal rim area and hance some behavioural 
experiments were conducted to test its significance (For further work aimed at 
determining the use of the DRA, see chapter 3, part 2, celestial compass experiment).
Foraging ants returning to the nest at sunrise were collected at the base of their 
foraging tree and placed on ice until they were immobilised. Once immobilised, 
individuals were placed into one of three treatments. First, a control group where 
individuals were iced and handled but their eyes were not manipulated. Then, under a 
microscope, experimental individuals were either painted with an opaque model paint 
(Citadel®, UK) covering most of the ventral part of each eye, leaving four rows believed 
to be the dorsal rim area at the top of the eye exposed (referred to as DRA open), or a 
second treatment, where opaque model paint was applied to each eye on the dorsal 
part of the eye, covering the rows believed to be the DRA (referred to as DRA closed). 
The paint was first tested on clear glass and a light shone through the glass to 
determine how much light could penetrate the paint. When it appeared that no light 
could penetrate the glass, this paint was used. After ants were treated they were 
allowed to completely recover and were then transferred to their capture site at the 
base of the tree in a blackened tube. Using a Sony HD Handycam (HDR-CX700) 
mounted on a tripod above the release site each ant was released and their paths 
filmed until they left the field of view. The head positions of each ant were digitised at 6 
fps in a custom written Matlab program (Digilite @ Jan Hemmi & Robert Parker, The 
Australian National University, Mathworks, Natick, MA, USA) and plotted and analysed 
with a custom written Matlab script. Finally, circular statistical tests were run using 
Oriana 3 (© 2011 Kovach Computing Services, Anglesey, Wales), a Rayleigh test to 
determine if distributions were different from random, and following, a V test to see if 
bearings were significantly different from the expected home direction.
Occlusion experiments are notoriously difficult to ensure coverage of 
appropriate facets. As such, results of this section will interpreted carefully.
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5.3 RESULTS
Head widths ranged from 1.8 mm to 2.9 mm in C. consobrinus workers. There is no 
sign of behavioural castes, and though there is size variation amongst workers, there is 
no evidence of distinct castes within the individuals examined in this study (Fig. 5.1, A, 
B, and C). Workers possess two compound eyes, but no ocelli are present, whereas 
the winged alate males and females possess ocelli in addition to compound eyes (see 
photographs in Fig. 5.1, D). The left and right compound eyes of a worker are equal in 
size and in facet number (anterior-posterior: t test, p = 0.90, n = 44, facet number: t 
test, p = 0.85, n = 15). As seen in other ant and bee species (Narendra et al., 2011; 
Spaethe and Chittka, 2003), as the head size increases, the eye size increases 
(Spearman’s rank correlation coefficient, head length and left eye length, 0.959, 
probability <0.001; Fig. 5.1, A). This is also seen in the interocular distance, as the 
distance between the eyes gets larger, the cephalic index increases
5.3A Eye Replicas
Worker ants:
Individuals possess on average 757 ± 19.62 (mean ± se) facets per eye (N = 15; Table
5.1) . The eyes are elongated along the horizontal direction, with larger facets found 
along the ventral part of the eye towards the dorsal end (Fig. 5.2), though facet 
diameters are small and show little variance (22.84 ± 0.33 pm, N = 16; Table 5.2).
Alates:
Males possess 1048.75 ± 5.88 facets per eye (N = 2), whereas queens possess 
1132.50 ± 34.46 (N = 2; Table 5.2). The eyes are elongated along the horizontal 
direction, as seen in both the workers and alates. The eyes are bulbous as the males 
have small heads, yet larger eyes than the equivalently sized worker. Both males and 
queens have ocelli located centrally on the dorsal section of the head between the eyes 
(Fig. 5.1, D). Three ocelli are present, consisting of a single lens each. Facet diameters 
are similar between queens and workers, averaging 22.60 ± 0.31 pm in queens (Table
5.2) . In queens there appears to be a concentration of larger facets along the ventral 
part of the eye, not seen in males, yet a similar region of larger facets is seen in the 
workers (Fig. 5.2). Males have an average facet diameter of 16.07 ± 0.42 pm and 
appear to have fairly consistently spread facet sizes across the eye (Table 5.2; Fig.
5.2) .
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Fig. 5.1. Descriptive analyses of visual features in C. consobrinus workers and 
alates. The scatter plots show the relation between head size and (A) the left eye 
length and, (B) the number of facets of the left eye. As head width increases, eyes 
become larger and contain more facets. The head width, eye length and facet number 
are also shown for queens (open red circle) and males (open green circle). Queens 
have larger eyes and the most facets, followed by the males with the second largest 
number of facets, yet the narrowest head width of all ants examined. (C) Box plot 
distributions of facet numbers and cephalic index amongst workers. There appears to 
be a break between the continuous head sizes of C. consobrinus with those individuals 
with the most square shaped heads (Cl > 90) having the most facets. As heads 
become more elongated and rectangular, the number of facets decreases sharply from 
the square heads. (D) Dissecting microscope photograph of a medium sized worker 
and outline of the same head indicating the areas measurements were taken from in 
red of the eye length, head width, and head length.
Head
width (pm)
Head
length (pm)
Cephalic
index
Eye
anterior-posterior (pm)
Workers (n=44) 2263±80.15 2663.83±56.35 83.97±1.20 675.08±9.08
Queens (n=2) 2865.95±45.57 3034.45±37.22 94.16±0.64 830.93±4.81
Males (n=2) 1239.44 1496.23 82.84 549.81
Table 5.1. Summary morphometric measurements of the head of C. consobrinus 
for workers, queens and males. Values show means ± se.
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Worker Queen
Worker - smallWorker - large
Fig. 5.2. Variation in facet sizes across the eyes of workers, queens and males 
in C. consobrinus. (A) Facet maps from a worker, a male and queen to compare the 
distributions of facets across the eyes. The workers and queens have larger facets 
along the ventral part of the eye, with queens showing the largest facets. Males have 
a consistent spread of facet sizes across the whole eye. (B) Comparisons of a large 
and small worker. Both show increased facet diameters along the ventral side of the 
eye. Not to scale.
Facet
diameter (urn)
Whole eye 
circumference (urn)
Ommatidia
number
Ocelli
diameter (urn)
Ocelli
circumference (urn)
Workers (n=16) 22.84±0.33 2082.99±36.54 757±19.62 n/a n/a
Queens (n=2) 22.6±0.31 2425.61 ±26.41 1132.5±34.46 165.11±2.36 500.18±13.94
Males (n=2) 16.07±0.42 1949.34±9.38 1048.75±5.88 112.79±2.74 332.13±10.21
Table 5.2. Anatomical parameters of the eyes of workers, queens and males 
of C. consobrinus. Values show mean ± se.
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Fig 5.3 Horizontal section of the compound eye of C. consobrinus. The
compound eye of C. consobrinus is not a complete hemisphere, and thus calculations 
were customised to reflect the shape of the eye. P -  posterior, A - anterior
5.3B Histology
The compound eyes of C. consobrinus are typical of an apposition compound eye. The 
eyes are relatively uniform in terms of curvature along the horizontal plane (Fig. 5.3).
Starting from the outside of the eye, sectioning shows that the corneal facet 
lens is biconvex with an average width of 21.10 ± 0.82 pm (N = 4) and connects 
directly to the concave surface of the crystalline cone (Fig. 5.4, I). The crystalline cone 
averages a length of 50.05 ± 3.86 pm (N = 4). The crystalline cone is surrounded by 
primary pigment cells that prevent stray light reaching the rhabdom (Fig. 5.4, B). The 
pigment cells also form a variable pupil mechanism, discussed later. The rhabdom is 
wide and appears to taper along the length of the ommatidia. Distally, the rhabdom 
measures 7.32 ± 0.17 pm and is surrounded by pigment granules (Fig. 5.4, D), 6.02 ± 
0.28 pm towards the middle of the rhabdom where pigments have disappeared (Fig. 
5.4, E and I), and narrowing to 3.58 ± 0.61 pm at the end where pigments appear to 
surround the retinular cells (Fig. 5.4, G). The rhabdoms average a length of 151.44 ± 
1.30 pm (N = 4). Each ommatidium is optically isolated from neighbouring ommatidia 
by a screen of secondary pigment cells, although a pigment free zone appears in the 
middle of each ommatidia, as seen in the longitudinal sections and the serial cross 
sections (Fig. 5.4, E and I; for summary measurements, see Table 5.3).
Sections viewed under the TEM show that six retinular cells contribute to 
rhabdoms most distally in the ommatidia, at the level of the retinular cell nuclei. Two 
more cells arise between cells joined by crystalline cone, leading to eight retinular cells 
contributing to the rhabdom (see Fig. 5.5, A and B). These have been numbered
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Fig. 5.4 Structure of an ommatidium of C. consobrinus. In the centre, a 
longitudinal section of an ommatidium (I) surrounded by a series of cross-sections at 
various depths (A-H). Sections are from a light-adapted ant. (A) c -  cornea, where the 
cornea recesses into the crystalline cone and is surrounded by primary pigments (pp); 
(B) cc -  crystalline cone; (C) crystalline cone tract (cct) narrowing to meet the 
rhabdom; (D) distal rhabdom (r) surrounded by secondary pigments (sp); (E) 
rhabdom halfway along the length of the ommatidium, note a lack of pigment cells; (F) 
secondary pigment cells return in the deeper sections of the ommatidium; (G) the 
rhabdom narrows; (H) basement membrane (bm). Each ommatidium is surrounded 
by retinular cells (rc).
Cornea 
length (pm)
Crystalline 
cone length (pm)
Rhabdom 
length (pm)
Distal rhabdom 
diameter (pm)
Workers (n=4) 21.48dt0.93 50.05±3.86 151.44±1.30 7.32±0.17
Table 5.3. Anatomical parameters of the compound eye of C. consobrinus.
Values show mean ± se.
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Fig. 5.5. Transmission electron microscope images of cross-sections of the 
rhabdom in the compound eye of C. consobrinus. (A) Distal rhabdom showing 6 
retinular cells outlined in black, and the suspected four tips of the crystalline cone 
(circled) penetrating the ommatidium (pg -  pigment granule, n -  nucleus, rcb -  retinular 
cell border). (B) Eight retinular cells, numbered as per Menzel and Blakers, 1975. (C) 
The movement of pigment granules to within the retinular cell borders (blue arrow), and 
some shown to be between borders (red arrow). The cell borders are marked by a red 
asterisk. (D) Movement of pigment granules into 2 opposite retinular cells, relating to 
the spectral sensitivity of those cells, though the reason here was not examined. Note; 
sections are slightly oblique, as seen in the microvilli, and the rhabdom sizes are 
therefore not representative of cross-section measurements.
following the protocol set out by Menzel and Blakers (1975) whereby retinular cells 1 
and 5 are distinguished by smaller rhabdomeres and cell bodies, as well as microvilli 
arrangement with microvilli parallel to the microvilli of neighbouring cells to either the 
left or the right, dependent on section orientation. Cells 2 and 6 are the neighbouring 
cells with parallel microvilli. Distally when 6 retinular cells are present, pigment 
granules are present within each of the cells (Fig. 5.4, D; 5.5, C). Sectioning deeper,
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Species Facet number A0 Activity R
Myrmecia pyriformis 3500 2.4 N1 5.6
Myrmecia croslandi 2560 2.8 D2 1.4
Cataglyphis bicolor 1300 4.0 D3 -
Camponotus detritus 1300 4.0 D4 -
Camponotus consobrinus 757 5.7 C/N 7.3
Polyrachis sokolova 596.2 5.9 D/N5 5
Melophorus bagoti 499 6.4 D6 1.6
Camponotus ligniperda 450 6.8 C/N4 8.1
Camponotus irritans 350 7.7 N4 11.7
Table 5.4. Comparison of interommatidial angles, facet numbers, activity and 
rhabdom size (R), amongst Camponotus species and other Australian ant 
species. 1 -  Reid, 2010; 2 -  Greiner et al., 2007; 3 - Wehner et al., 1972; 4 -  Menzi, 
1987; 5 -  Narendra et al., 2013a; 6 -  Schwarz et al., 2011b.
pigment granules remain in only two of now 8 retinular cells (Fig. 5.4, F; 5.5, D). 
Pigment granules appear within the retinular cells and between the retinular cell 
borders (Fig. 5.5, C). The reason for this was not examined but may relate to the 
spectral sensitivity of these cells.
5.3C Optical properties
The average interommatidial angle (A0) as calculated from a whole eye angle of 145° 
and an average facet number of 757 is 4.7°. With 36 ommatidia along the horizontal 
section of the eye it would equate a horizontal visual field of approximately 170°. For 
the males and queens, the average interommatidial angles are calculated using the 
assumption of a hemispherical visual field. In the males, the average interommatidial 
angle is 4.4°, and 4.3° in the queens. For a comparison of interommatidial angles 
amongst other Camponotus species, as well as other Australian ants, see Table 5.4.
To determine the acceptance angle of the rhabdom Ap, the radius of the lens 
surface r1 = 10.7 the radius of the back surface of the lens r2 -  -9.3 and the thickness of 
the lens t = 18.4 were measured. The focal length of the facet lens as determined by 
the thick lens equation lies between 21.0 pm and 22.3 pm, depending on the refractive 
index of the lens of n1 = 1.45 or 1.43, respectively. This calculation is made assuming 
that the lens and the crystalline cone have homogenous refractive indices though this 
is not known. The crystalline cone length averages 50.1 ± 3.9 pm (N = 4) that indicates 
the image plane falls within the crystalline cone and does not reach the distal tip of the 
rhabdom. Optical sensitivity Swas calculated to be 0.33 pm2sr.
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5.3D Dorsal rim area
Cross sections of the dorsal rim area (DRA) show a modified rhabdom (Fig. 5.6, A and 
C). Instead of a circular or hexagonal rhabdom shape as seen in cross sections of 
rhabdoms in the lateral eye, the DRA contains a series of rhabdoms that are 
rectangular in shape, not dissimilar to those reported in other ant species (see Fig. 5.6, 
C). The microvilli in the rhabdoms in the rest of the eye are oriented in at least 6 
directions (Fig. 5.5), whereas the specialised rhabdoms of the DRA have microvilli 
oriented orthogonally to one another (Fig. 5.6, C). Although not possible to see in the 
light microscopy sections, microvilli are always oriented perpendicular to the 
circumference of the rhabdom. Of the total number of ommatidia, the identified 
rectangular cells make up 7.13% (54 ± 2.08 rectangular cells per eye N = 3), and are 
restricted to the dorsal region of the eye producing a fan shape (Fig. 5.6, A and B).
Serial cross-sections of the DRA rhabdom demonstrate that the orientation of 
each rhabdom remains constant, that is, it does not twist over 40 pm (Fig 5.6; B). 
Twisting has been reported in unspecialised photoreceptor cells such as in the day- 
active bull ant Myrmecia gulosa (Menzel and Blakers, 1975), but constant microvilli 
orientation is a trait attributed to photoreceptors sensitive to polarised light (Wehner 
and Labhart, 2006). As the DRA rhabdoms are rectangular in nature, it is possible to 
track any changing orientation in light microscopy sections.
5.3E Dark and light adaptation
During periods of normal activity, individuals were fixed outdoors at 9pm when ambient 
light levels fell to 0.12x20 lux and at 9am, when ambient light levels were too bright to be 
measured by the lux meter. During these periods considered to show natural states of 
light exposure, it is clear that C. consobrinus possesses a variable pupil. That is, a 
mechanism that reduces the diameter of the crystalline cone to < 1 pm during periods 
of intense light, restricting the amount of light reaching the rhabdom. In the evening, 
when light levels are very low this cone tract opens to a diameter of 6 pm, capturing 
more light (Fig. 5.7, A). Primary pigment cells line the crystalline cone and constrict or 
open the tract, dependent on either ambient light levels or circadian control. During the 
dark-adapted state, the track appears fully open, measuring 4.37 pm in diameter, 
whereas when in the light-adapted state, the pupillary mechanism contracts 
significantly to a track diameter of only 0.49 pm. Also, during the light-adapted state, 
screening pigments inside retinular cells move towards the rhabdom, and away from it 
during dark-adaptation.
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Fig. 5.6 The dorsal rim area (DRA). (A) A section through the DRA showing 
specialised photoreceptors that have rectangular rhabdoms (red arrow) which differ 
from the rhabdoms of the rest of the eye (black arrow). (B) Serial cross sections show 
that the orientation of the long axis of the rhabdoms in the DRA do not twist, ensuring 
these photoreceptors remain sensitive to polarised light. (C) Comparative images of 
normal rhabdoms and specialised DRA rhabdoms known from Cataglyphis bicolor, 
with sections of normal and specialised rhabdoms in Camponotus consobrinus. 
Rhabdoms from the DRA have a distinct rectangular shape.
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Fig. 5.7. Dark and light adaptated ommatidia. Longitudinal and cross-sections of 
light-adapted (LA) and dark-adapted (DA) ants under natural exposure (A) and 
opposite exposure (B). A pupillary mechanism that constricts the crystalline cone tract 
during light adaptation (ct) is seen in both instances. During light adaptation under 
both exposures, pigment granules line the rhabdom and fill the retinular cells. During 
dark adaption, pigment granules migrate out of the retinular cells.
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To determine if pupil control was mediated by ambient light intensities or 
followed a circadian rhythm, individuals were also fixed at 9pm after being kept under 
constant light for 30 minutes at a lux level of 600x1°, and fixed under a red head lamp in 
a darkened room at 9am after being kept in the dark for 30 minutes at a lux level of 
0.12x20. Longitudinal sections of rhabdoms show that the pupillary mechanism does 
respond to ambient light levels, suggesting it is at least in part light-driven (Fig. 5.7, B). 
Again, the primary pigment cells constrict or open the tract. Following dark-adaptation 
in the morning the track appears fully open, measuring 5.26 pm in diameter, whereas 
following light adaptation at night, the pupillary mechanism contracts significantly to a 
track diameter of only 0.83 pm. Again, pigment granules move into the retinular calls 
and towards the rhabdom during light adaptation and away from the rhabdom and out 
of the retinular cells during dark adaptation.
5.3F Anatomy of a newly emerged ant
Longitudinal sections of ants less than 12 hours old show a fully open pupil. That is, the 
crystalline cone tract is as wide as the rhabdom where they meet and most 
surprisingly, a compound eye lacking in screening pigments (Fig. 5.8). Also of note is 
the almost complete lack of pigments surrounding the crystalline cone, or along the 
outer walls of the rhabdom (Fig. 5.8, A and B).
Fig. 5.8. Longitudinal and cross-sections of a newly emerged ant. (A) Longitudinal 
sections demonstrating small rhabdom widths and a lack of pigment granules. (B) 
Cross-sections of rhabdoms demonstrating a lack of pigment granules, re -  retinular 
cells, cell borders are delineated by red asterisks. (C) Inset shows the retinular cell 
boundaries.
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5.3G Detection of polarised skylight
In chapter 3 it was shown that displaced individuals do not display path integration 
during search and the celestial compass experiment demonstrated that foragers that 
were caught on their way back to the nest did not walk in the home direction when they 
only had view of the sky. Given that C. consobrinus have such a well-developed DRA, 
what could its function be? One possibility is to enhance canopy contrast. To test this a 
series of DRA occlusion experiments were performed.
Examining the paths in detail, it is clear that these initial paths are tortuous (Fig. 
5.9). This is seen in both the controls and the experimental conditions, suggesting the 
disruptive effect cooling the individuals may have had. In controls the distribution of 
bearings at 25 cms from the release site are non-random (Rayleigh test, p <0.01) and 
are aligned with the home vector (V/ test, p = 0.015), yet we also see individuals clearly 
heading in the opposite direction towards the tree (Fig. 5.9, A).
When released at the tree, regardless of DRA state (open or covered; Fig. 5.9 D 
and E), individuals were oriented to the nest (V test, p <0.01 for both open and 
covered). This suggests that the DRA is not necessary for orientation, with individuals 
appearing slightly more directed towards the nest when the DRA is covered. By 
blocking any potential celestial or canopy cues, it is possible that the individuals with 
covered DRAs are then attending more to the landmarks around them to orient.
The DRA may still provide important navigational cues. When the DRA is open 
and the rest of the eye covered, individuals released at the tree are oriented towards 
the nest location with only the celestial and canopy information available to them (Fig. 
5.9, E). When released in the remote location there is a loss of directedness as 
individuals displayed a random orientation (Rayleigh test p = 0.129). This suggests that 
the cues gathered by the DRA may not be used as a compass bearing, but may be 
related to canopy patterns or contrast changes seen when navigating from the tree to 
the nest (Fig. 5.9, C).
Interestingly, DRA covered individuals were significantly different from random, 
and appear to be oriented in the home vector direction ( \/ test, p <0.01). Despite this 
surprising result, there is no evidence that the dorsal rim area plays a role in providing 
celestial compass information. Directed individuals at the remote site had their DRA 
occluded, preventing the collection of celestial cues, including the pattern of polarised 
light. The reason for this directedness as the remote site is unclear within this 
experiment.
All individuals released at the tree were followed after leaving the field of view, 
and in all cases except for 4 individuals in the control group that returned to the tree,
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foragers made it back to the nest. Four individuals from the control group returned to 
the tree. Individuals released at the remote site were collected, their paint removed, 
and released at the base of the tree. Again, all individuals successfully returned home 
(pers. obs.). No individuals with vision restricted to the DRA made it back to the nest.
Again, it is important to note that these experiments are notoriously difficult to 
perfect. The appropriate array of facets may not have been completely covered which 
might complicate the results. That is, some individuals may have been able to access 
more of the visual panorama. However, the visual cues available to DRA open 
individuals are restricted to the upper hemisphere, so more likely to be celestial and 
canopy cues, as opposed to landmark information. The implication of these results 
require further investigation.
5.4 DISCUSSION
5.4A Vision in changing light environments
The Australian Sugar Ant, C. consobrinus, has a typical apposition compound eye 
structure, common within the Hymenoptera order. Each eye consists of 750 ommatidia 
on average. The amount of light entering the eye is restricted as each ommatidia is 
optically isolated from the next. Light is directed through the cornea and crystalline 
cone and passed onto a rhabdom. Foragers possess a specialised area (the dorsal rim 
area) where rhabdoms are modified, suggesting high polarisation sensitivity and may 
allow individuals to detect patterns of polarised skylight. However, in what way C. 
consobrinus may make use of the pattern of polarised skylight has not been 
successfully demonstrated behaviourally.
Comparing C. consobrinus with other diurnal and nocturnal Camponotus and 
Cataglyphis species, it is interesting to note that facet sizes were quite similar. In 
Cataglpyhis bicolor, Camponotus detritus (both diurnal), Camponotus ligniperda, and 
Camponotus irritans (crepuscular and nocturnally active, respectively), facet sizes 
varied between 21 and 24 (Menzi, 1987). Camponotus consobrinus fell within this 
range with an average of 23 pm. Facet numbers varied, with the two diurnal species 
possessing more facets than C. consobrinus (1300 each as compared with 757), 
whereas the two nocturnal species had less (560 in C. ligniperda, and 500 in C. 
irritans). Potentially the increased facet number of C. consobrinus as compared with 
the other nocturnally active species results in better resolution provided there is 
sufficient light during foraging as it results in a smaller interommatidial angle (5.22° as 
compared with 6.77° and 7.68° for C. ligniperda and C. irritans, respectively).
112
Foragers of C. consobrinus have relatively small eyes when compared with 
sympatric night active species, such as the nocturnal Myrmecia pyriformis (Greiner et 
al., 2007). Active at similar times of the night and exposed to the same varying light 
conditions, M. pyriformis have up to 3593 facets per eye and an interommatidial angle 
of 2.43°, and it is worth mentioning that the bull ant is larger than the sugar ant, 13 -28  
mm (minor and major workers, respectively) than 9 - 1 3  mm (smaller and larger 
workers, respectively), in the sugar ants. Eye size is known to increase with body size, 
which may account for some differences between the species (Jander and Jander, 
2002; Somanathan et al., 2009). However, specific adaptations to low light conditions 
may be reflective of specific difference in life histories. The bull ant M. pyriformis, which 
mostly hunts for protein prey, require high spatial resolution for target detection and 
tracking. Camponotus consobrinus on the other hand, has not been documented to 
actively hunt and may need vision only for navigation during twilight periods (see 
Chapter 3).
Examining the rhabdom in detail, they are large and support a nocturnal 
lifestyle, at 7.32 pm in diameter. It is interesting that only six retinular cells appear to 
contribute to the rhabdom distally, as seen in the intertidal ant Polyrhachis sokoiova 
(Narendra et al., 2013a). Two more cells appear in following sections and thus eight 
retinular cells contribute to the rhabdom. This is seen in other ant species, such as M. 
pyriformis and M. gulosa (Greiner et al., 2007; Menzel and Blakers, 1975). Cross- 
sections of the C. consobrinus eye showing pigment granules within two cells opposite 
each other may relate to the type of the cells. In other studies, cells of the same type 
are found opposite each other, such as the UV cells in M. gulosa (Butler, 1971; Menzel 
and Blakers, 1975). Further experimentation would be necessary exposing C. 
consobrinus individuals to different light spectrums to determine the receptor 
capabilities of the retinular cells.
5.4B Vision of a forager
During an individual insects lifetime, their behavioural repertoire can change 
dramatically (Hölldobler and Wilson, 1990). Age-dependent polyethism has been 
reported in many ant species, with young workers caring for brood inside the nest 
before transitioning into a forager lifestyle later in their life (Hölldobler and Wilson, 
1990; Oster and Wilson, 1978). In the desert ants, Cataglyphis, the majority of an 
individual’s life is spent within the nest, exposed to very little light (Wehner et al., 1983; 
Wehner et al., 1972). In C. consobrinus, individuals taken from within the nest as newly 
hatched ants (< 12 hours old) are thus unlikely to be exposed to bright light under
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natural conditions. Instead, they may work within the colony in complete darkness until 
the transition into a foraging role (Hölldobler and Wilson, 1990). The visual system of 
such newly hatched individuals show the crystalline cones forming wide openings with 
the rhabdom, with no narrowing of the crystalline cone tract. There is also a lack of 
primary and secondary pigments, used in controlling the absorption of light. It may be 
possible that these pigments instead develop later in life before foraging begins. 
Indeed, in Cataglyphis fortis, the transition from internal nest workers to foragers is 
complemented by structural changes to the visual and olfactory regions (Stieb et al., 
2010). Although this study examined brain changes, it was found that changes 
occurred during the late stages of internal life. Changes were seen to occur as the 
individuals aged, independent of light exposure, before foraging had begun, and even 
in dark reared animals. This suggests an age-dependent mechanism. Interestingly, the 
structural changes were also demonstrated to be flexible and not wholly at the mercy of 
such a mechanism. Exposing individuals to light pulses resulted in age-independent 
changes to the brain reminiscent of the natural changes seen as the individuals age 
(Stieb et al., 2010; Wehner et al., 1983; Wehner et al., 1972). Thus, changes to 
structures of visual regions are mediated by both light exposure and age. Exposure to 
light can trigger changes to occur sooner. Similar changes have also been documented 
in the wood ant Camponotus floridanus with increases in the size of the mushroom 
bodies of up to 50% once individuals have become foragers (Gronenberg et al., 1996). 
Thus, possibly similar to brain structures, it is possible that C. consobrinus may 
develop visual structures, such as an increase in pigmentation during later stages of 
internal life. This could be triggered either through exposure to light conditions, as seen 
in diggers of Cataglyphis exposed to light as they carry debris from the nest (Wehner et 
al., 1983; Wehner et al., 1972), or as an age-dependent development.
When individuals transition to a forager lifestyle, they become exposed to highly 
variable light conditions during foraging. As detailed in Chapter 2, individuals become 
active around sunset, with animals seen to mill around the entrance to their nest before 
the peak of activity begins. Individuals forage throughout the night and then return to 
the nest the following morning as the sun rises thus being exposed to rapidly changing 
light conditions. It is shown here that C. consobrinus possess a variable pupil 
mechanism. This mechanism has been reported in other nocturnal and crepuscular 
Camponotus species, as well as the diurnally and nocturnally active Australian 
intertidal ant Polyrachis sokolova (Menzi, 1987; Narendra et al., 2013a). A variable 
pupil mechanism allows individuals to control the amount of light entering the rhabdom 
depending on light conditions, allowing them to be active in both during the day and
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night. Amongst these species, rhabdom diameters are considered to be larger than 
strictly diurnal species, varying from 5.0, 8.13 and 11.65 prr\ in P. sokolova, C. 
ligniperda, and C. irritans, respectively, and 7.32 pm in C. consobrinus. Thus, C. 
consobrinus possess adaptations that allow exploitation of a varying light environment 
by controlling the amount of light that enters the eye during periods of bright and dark.
During opposite exposure experiments, the pupillary mechanism has responded 
after 30 minutes to an abrupt change in ambient light intensity (daylight to darkened 
drawer and night to a bright artificial light). This may explain why individuals were seen 
to mill around the entrance to the nest for up to an hour (pers. obs.), potentially 
allowing their eyes to adapt to the current light conditions before beginning foraging. No 
investigations were made of the length of time needed for the pupillary mechanism to 
respond to changing light levels, nor if changes were dependent on individual activity, 
i.e. navigating ants as compared with foraging individuals and even tandem recruits.
5.4C The role of the dorsal rim area
The specialised photoreceptors of the dorsal rim area of many insects have been 
implicated in the detection of the patterns of polarised skylight which is believed in 
arthropods, in the majority of examples, to be used for path integration (Wehner and 
Labhart, 2006). To the best of my knowledge, it has been behaviourally demonstrated 
in three insect species from three separate orders, interestingly two with flight 
capabilities, and one without (field crickets: Brunner and Labhart, 1987; house fly: von 
Philipsborn and Labhart, 1990; honey bees: Wehner and Strasser, 1985; for a review 
see Labhart and Meyer, 1999). A study on the desert ant Cataglyphis bicolor alludes to 
the behavioural detection of polarised light by the dorsal rim area but the study 
published by Fent and Wehner in 1985 deals primarily with the role of the ocelli, rather 
than the compound eye, in such detection. Anatomical and electrophysiological work 
across these insect species, as well as others, have identified highly polarisation- 
sensitive receptors in the dorsal rim area and characteristic changes in microvilli 
alignment, orientation, and rhabdom shapes associated with the detection of polarised 
skylight (Dacke et al., 2002; Homberg and Paech, 2002; Labhart, 1980; Labhart, 1986; 
Labhart et al., 1984; Labhart and Meyer, 1999; Schwarz et al., 2011a). The detection of 
polarised light may also be utilised as a course stabiliser, allowing individuals to 
maintain a particular course, rather than being used as a compass to provide a course 
direction (Wehner and Labhart, 2006).
A surprising finding in this study is the anatomical presence of a very prominent 
dorsal rim area with specialised photoreceptors, but behaviourally, ants do not appear
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to derive directional information from celestial cues available to them through the use of 
their dorsal rim area. Worker ants of C. consobrinus do not possess ocelli, unlike the 
workers of Melophorus bagoti, where celestial compass information detection, which 
could include patterns of polarised skylight, position of the sun or light gradients, has 
been linked to the ocelli (Schwarz et al., 2011a). Despite using conventional 
experimental designs aimed at eliciting behaviours attributed to the use of the DRA, 
and with no coarse scale behavioural evidence that individuals derive directional 
information from their DRA, it is reasonable to ask, why then would a species maintain 
such a large and possibly expensive structure? It would be of interest to examine fine 
scale behaviours and compare with the findings in this chapter.
First, previous findings from navigational studies within this species must be 
examined. When displaced in unfamiliar environments, both landmark rich sites and 
landmark poor, C. consobrinus displays no signs of accessing a path integration vector 
(see chapter 3). This could be related to the type of environment within which this 
species resides. With such prominent visual information contained in the buildings and 
trees surrounding a nest, displacement to a visually distinct and new environment could 
immediately trigger searching behaviour, rather than navigation by path integration 
(Cheung, 2014; Cheung et al., 2012). This reliance on visual information contained 
within the local scene does not necessarily suggest that the dorsal rim area is not being 
utilised. Instead, any information collected by the DRA is waylaid as the path 
integration vector is ignored when the visual scene changes so drastically. To 
demonstrate strict use of the DRA in the collection of celestial compass information, an 
experiment incorporating this level of scene recognition and the individual tendency to 
ignore the state of the path integrator would need to be designed. That is, an 
experiment that is shaped based upon the experiences and behaviours demonstrated 
in this species, rather than experiments that have worked very successfully in other 
species that demonstrate different navigational strategies (for examples of navigational 
experiments, see; Bühlmann et al., 2011; Cheng et al., 2009; Müller and Wehner, 
1988). Further, it would be of great interest to examine the behaviour of individuals 
from nests in more open areas in an attempt to attain more answers about the use of 
path integration and celestial information in this species. When interpreting this data, it 
is also worthwhile to note that there may be other reasons to explain the results 
obtained. For example, the occlusion of the DRA may lead to a coincidental match 
between the familiar and the test scenes and requires further testing at a third location 
to determine the differences. Also, binocular overlap in the dorsal visual field could also 
provide an explanation to the results without indicating utilisation of a DRA. Further
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research is required to understand more about these particular behaviours and how 
best to interpret them.
As mentioned earlier, polarisation vision may be utilised for reasons other than 
providing celestial compass cues. Access to such patterns may act as a course 
stabiliser (Wehner and Labhart, 2006), but may also increase the contrast of the 
canopy, or the land to sky boundary, which have been utilised as navigational tools in 
other ant species (Hölldobler, 1980). The use of the canopy as a navigational tool in C. 
consobrinus may be evident from the dorsal rim occlusion experiments. With the dorsal 
rim available and the rest of the eye occluded, when released beneath the canopy of 
their foraging tree, individuals are more directed than when released under the open 
sky. Further experimentation would be necessary with different canopy orientations to 
determine if this truly is the case.
5.5 CONCLUSIONS
Camponotus consobrinus possess a typical apposition compound eye and are able to 
navigate through a niche of drastically changing light levels. This is due to the presence 
of a pupillary mechanism that controls the amount of light that enters the eye during 
changing light intensities. Further, despite the presence of a distinct dorsal rim area, 
behaviourally, this species does not appear to utilise this area for a celestial compass 
but may attend to changes in contrast and canopy patterns. However, behavioural 
experiments have followed quite traditional setups that may be more reliable for insect 
species that display path integration when displaced to unfamiliar environments. Within 
this species, which displays complex behaviours at local displacements, and no path 
integration at unfamiliar environments, asking the question of what the dorsal rim area 
is used for may require a different approach, and as such would be of interest to 
pursue further. It is reasonable to argue that a visual area as distinct and large as seen 
in the dorsal rim of C. consobrinus, must be of some behavioural use and the right 
question remains to be asked.
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Chapter 6: Living through the spectrum -  the Banded Sugar Ant
6.1 SUMMARY
Life at the scale of an ant presents many unique and varied challenges. Some are 
unavoidable, being stepped on by a passing human for instance, yet others provide 
opportunities to adjust lifestyles and evolve anatomy to increase efficiency and 
successful exploitation of a niche. Being able to respond to the dynamic environment 
within which they live is essential for continued existence. The Banded Sugar ant, 
Camponotus consobrinus, provides a great case study for examining such questions of 
which four years of research have uncovered some exciting results. At the same time it 
seems to have just scratched the surface of the wealth of knowledge this species can 
provide.
The Banded Sugar ants studied in this thesis set up colonies in visually rich 
urban and rural environments. Surrounding the nests are often stable and long-term 
visual structures, such as buildings, and some colonies will navigate 20 metres and 
more around a series of structures to reach their predominant foraging area, a Eucalypt 
tree. The complexity of their journey does not stop there. Upon reaching the tree 
individual foragers are then faced with a complex 3D foraging environment, with every 
split along a branch providing the possibility of finding a new food source, or potentially 
wasting valuable time searching along a branch with no reward. Once food has been 
collected, individuals can simply follow gravity back down the tree, but then face a 
similar problem to the one they faced on the way to the tree; changing light intensities. 
These ants are crepuscular/nocturnally active and thus must overcome drastic changes 
to light intensity whilst foraging. These observations of the Banded Sugar ants life 
history raised several questions on how these individuals overcome such challenges.
In chapter 2, it was determined that evening outbound activity was triggered by 
changes to ambient light intensity and the sunset time. This has been observed in other 
species, such as the night active bull ant Myrmecia pyriformis where activity patterns 
track sunset time exactly (Jayatilaka et al., 2011; Narendra et al., 2010; Reid et al., 
2013). The range of ambient light intensities and the temperature at the time of peak 
activity could be quite variable, indicating flexibility in exposure in C. consobrinus, 
unlike M. pyriformis which is constrained to very narrow windows of activity tightly 
linked to sunset time, and the sympatric bull ant species, M. croslandi, whose activity is 
tuned to avoid temperatures over 35°C. In M. croslandi this leads to bimodal activity 
patterns with a cessation of activity during the hottest part of the day, and hibernation 
during the Austral winter months. Individuals also left the nest to forage during narrow 
windows between 25 and 30°C from January to May (Jayatilaka et al., 2011). In M.
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croslandi, at temperatures consistent with those recorded during foraging, animals tend 
to remain still. As the temperature increases and begins to enter the extreme end of 
their tolerance, walking speed of the ants increases dramatically (Jayatilaka et al., 
2011). However, in C. consobrinus, a completely different pattern arises. At 
temperatures within foraging range, individuals are the most active and continually 
move around the containers. Once the temperatures begin to increase outside of this 
zone, first individuals cease movement, mostly remaining stationary before a sudden 
burst of movement right before critical thermal maximum is reached. Through 
temperature tolerance experiments such as these, we can see how differently animals 
behave, and the implications of this to responses to physiology and environmental 
factors. It is clear from this study on C. consobrinus that local environment factors, 
such as light intensity and sunset time, and to a lesser extent in this study ambient 
temperature, influence nest dynamics and the timing of activity.
Without a sting or an aggressive nature, it is potentially beneficial for C. 
consorbrinus colonies to maintain some level of flexibility when timing activity patterns 
to avoid such negative interactions with other species and increased competition for 
resources. The Banded Sugar ant has not been observed actively hunting, nor has it 
been seen to defend against or attack other ant species it was seen to come in contact 
with, such as Myrmecia and Iridomyrmex species. Iridomyrmex species have been 
previously documented to take a dominant role over some Camponotus species, 
outcompeting individuals at the food source and by displaying aggressive behaviour 
when coming in contact with Camponotus species (Andersen, 1992; Cerda et al., 1997; 
Greenslade, 1976). This behaviour can force a subordinate species to occupy the edge 
of their ideal range, and exclusion experiments have certainly demonstrated that upon 
removal of a dominant ant species, other subordinate species extend their foraging 
range and activity to fill the newly available niche (Andersen and Patel, 1994; Gibb, 
2005; Gibb and Hochuli, 2004; Greenslade, 1976). The adaptation of a nocturnal 
lifestyle may be one approach to decrease competition, but also to avoid predation, and 
access new food resources that may be unavailable during the day. Yet the adaptation 
of a nocturnal lifestyle presents new challenges to successful niche exploitation centred 
on vision and navigation.
For decades, navigation in ants has been extensively studied. The desert ant 
genus Cataglyphis has been the champion of navigation, demonstrating use of a path 
integrator (Knaden and Wehner, 2006; Müller and Wehner, 1988; Müller and Wehner, 
1994), measuring distances travelled with stride counters (Wittlinger et al., 2007) and 
optic flow (Ronacher and Wehner, 1995), the role of celestial cues (Müller and Wehner, 
2007; Wehner and Müller, 2006), and beginning to determine hierarchies of
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navigational information by examining the role of landmarks (Äkesson and Wehner, 
2002; Collett et al., 2003). In more recent years, research has turned to examining how 
navigation changes in the visually rich environments that many other species of ants 
inhabit. The Banded Sugar ant provided a perfect example of a species caught 
between the two extremes of visual environments, examined in chapter 3. On the one 
hand, the desert ant Cataglyphis fortis, surrounded by a featureless salt pan 
environment and shown to navigate almost exclusively by path integration (Müller and 
Wehner, 1988). On the other hand, the neotropical ant Gigantiops destructor, 
surrounded by dense rainforest canopies are unlikely to see much of the open sky 
except through gaps in the leaves above. When displaced from their foraging route, 
individuals will use between 5 and 25% of their path integration vector before 
commencing search (Beugnon et al., 2005).
So, in Camponotus consobrinus, a species surrounded by lots of buildings and 
trees or grassy woodlands, but also with access to quite large areas of sky when 
compared with the neotropical ants, it is surprising to find the most extreme case of 
navigation with a species that shows a lack of path integration reliance during 
navigation. During displacement experiments where an orientation aligned with a path 
integration vector would be expected, individuals immediately commence search. This 
is demonstrated in both inbound and outbound ants, as well as recruited individuals. 
When this is compared with another ant species also living in visually rich 
environments more akin to those inhabited by C. consobrinus, i.e. with more access to 
the sky than in the rainforests and more potential landmarks than on the salt pans, C. 
consobrinus still stands out as an exceptional example of an ant that does not rely on 
path integration during navigation. The Australian desert ant, Melophorus bagoti 
inhabits visually rich environments with trees and shrubs. Displaced individuals will run 
around 44% of their path integration vector before searching for familiar landmark cues 
(Cheng et al., 2009; Narendra, 2007), a behaviour not seen in C. consobrinus. 
Similarly, in the wood ant, Formica japonica, inhabiting forests but with more access to 
the sky than G. destructor previously mentioned, there is even less reliance on path 
integration, with displaced individuals accessing just 1.2% to 5% of their vector before 
search (Fukushi, 2001). In both cases, landmark guidance appears to dominate over 
path integration, but not before first demonstrating that these individuals have the 
capacity to path integrate and will indeed follow some measure of a vector to where 
they believe the nest to be located. In C. consobrinus it is clear that the visual 
environment plays a large role in navigation to and from the nest that when displaced 
from the familiar route, individuals immediately are aware of the displacement and 
begin to search for any familiar scenes to get home.
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Relying on the visual environment may aid ini navigating to and from the 
foraging tree. These cues, however, would not help in locating food sources distributed 
along the various branches of trees. Camponotus conso>brinus is not a mass recruiting 
species, and does not utilise pheromone trails. They do,, however, engage in a form of 
recruitment termed tandem running, whereby typically a single individual is lead to the 
food source by another forager (Hölldobler et al., 1974; iHölldobler and Traniello, 1980; 
Urbani, 1993). This could be an advantageous strategy tto recruit to novel food sources 
in the complex 3D structure of foraging trees and couild reduce the amount of time 
individuals spend searching for new food sources. Thiis behaviour was examined in 
chapter 4, and it was found that recruits are not necessarily naive foragers. Individuals 
disconnected with their leaders and displaced from their foraging corridor were able to 
return to the nest or more importantly head to the tree, iindicating that some individuals 
are already experienced foragers. This suggests that necruitment is flexible, and that 
potentially in this species the most crucial part of the tandem run are the directions 
upon reaching the tree. Examining walking speeds there was a clear distinction 
between the speeds of looping and non-looping recruits, which may reflect those 
individuals already familiar with the path from the nestt to the tree (non-looping) and 
require guidance once on the tree, and those individual^ unfamiliar with the route and 
thus require longer pauses in order to loop and gather more information. In other ant 
species, this kind of recruitment is often also involved in nest relocation (e.g. Franks 
and Richardson, 2006; Fresneau, 1985; Hölldobler, 19771), but it stands to reason that 
this may be one effective way of overcoming foraging challenges presented by a 3D 
environment with many potential decisions. Thus, thie predominant foraging area, 
Eucalypttrees, helps shape the foraging and recruitmenft behaviours in C. consobrinus.
Individuals recruited into tandem running pairs mow provide a great opportunity 
to examine what a recruit may learn whilst participating in a tandem run. My 
displacement experiments have demonstrated that irndividuals are not necessarily 
naive. Of those assumed to potentially be naive reocruits, or recruits with limited 
navigational experience, it is clear that the visual enviromment plays an important role in 
their navigational abilities. As seen in the solitary foragerrs making their way to and from 
the nest, in recruits, regardless of assumed experience I level, it appears clear that there 
is no reliance on a path integrator, thus individuals aire returning to the nest using 
familiar landmarks. Of great interest are the individuals displaced locally that are 
unable to orient themselves at all, to either the real ne?st location or the foraging tree. 
These individuals provide the most insight into the | potential information learnt by 
recruits. In these individuals, there is still no reliamce on a path integrator and 
individuals search for familiar information immediately/ upon release, whereas other
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recruits display clear navigational knowledge and are able to head towards the tree or 
the nest. Individuals that instead search when so close to their natural foraging corridor 
and the real nest location supports the idea that these are the most naive recruits with 
the least experience foraging, harking back to the concept of catchment areas used in 
visual navigation. Despite close proximity to the nest (within 10 metres), these 
individuals have not ventured far enough in this direction to gain information to allow 
them to find a familiar point from which to orient. When released back on the foraging 
corridor it is clear that these individuals are not ignorant of their surroundings and have 
gathered some sort of visual information to aid with navigation to and from the nest, 
allowing them to return successfully to the nest. The exact nature of the information 
gathered still remains unclear. In the bull ant Myrmecia croslandi, individual foragers 
are capable of navigating home from several different directions that are unlikely to 
have been familiar foraging routes (Narendra et al., 2013b). The individual ant knows 
only the views and visual information gained during learning walks and where she has 
been, but the catchment areas for these scenes is quite large, allowing her to orient 
back using a familiar view and to the nest with marked efficiency. To see that some 
recruited ants are unable to do this when displaced suggests they are the least 
experienced foragers. Some displaced solitary foragers, however, also are unable to 
orient themselves, which may be an indication that these solitary foragers are also less 
experienced foragers. The lack of reliance on path integration during displacements 
also suggests that the visual environment is an important feature of the information 
learnt by the recruit during a tandem run, unsurprising as it was demonstrated in the 
navigation chapter that C. consobrinus foragers rely exclusively on landmark 
information. Landmark information has been shown to be important, with recruits 
changing orientation when landmark orientation is changed (Basari et al., 2014). Other 
studies have suggested that path integration is the primary tool utilised during tandem 
runs and landmark information is learnt and relied upon over subsequent solitary runs 
(Franklin, 2013; Franklin et al., 2011).
Lastly, returning to the initial observations of activity, a burning question 
remains; what kind of visual system does this species have in order to navigate in an 
environment that spans vastly different light intensities? A nocturnal ant must be able to 
find her way not only to the tree, but home again during a time of day where light levels 
are too low for normal apposition compound eyes. Camponotus consobrinus provides 
yet another example of how activity patterns are driven by available visual information 
in the service of navigation. By timing the majority of activity to relatively bright periods 
of the evening and early morning, individuals are performing the bulk of their 
navigational tasks during the brighter periods of twilight, a behaviour seen in other dim
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light active ant species, such as Myrmecia pyriformis (Narendra et al., 2010; Reid et al., 
2013). However there is some activity that does occur during both the darkness of the 
night and brightness of the day, and thus C. consobrinus must possess compound eye 
adaptations. One adaptation is to increase the size of the facets, as seen in other 
Myrmecia species (Greiner et al., 2007; Narendra et al., 2011), however C. 
consobrinus does not do this. Another adaptation is to increase the size of the 
rhabdoms, which is what is found in C. consobrinus. As these ants are also active in 
bright light, they need a way to protect the pupil and this appears to be a pupillary 
mechanism. This affords C. consobrinus with flexibility in timing their activity and they 
are not constrained to a particular light determined niche. A pupillary mechanism has 
been reported in the night active bull ant M. pyriformis (Reid, 2010). As well as the 
intertidal ant Polyrhachis sokolova (Narendra et al., 2013c). The bull ant is an active 
hunter and requires more visual information not just to navigate to and from the nest, 
but to successfully hunt prey (Reid et al., 2013). The intertidal ant needs to track the 
low tides that allow access to their foraging grounds, during the day and the night, 
requiring adaptations to forage in both bright and dim light environments (Narendra et 
al., 2013a). The sugar ant does not hunt as the bull ant does, but may require a 
brighter scene for navigation to and from the nest during dim light, similar to P. 
sokolova. Both species occupy niches not constrained by the ambient light levels, but 
other factors. In P. sokolova it is the movement of the tides, but in C. consobrinus 
factors that determine niche choice remain to be identified.
Of further interest in this study is evidence of a lack of visual pigments in the 
eyes of individuals less than 12 hours old. This suggests that there must be significant 
post-hatchling development in this species and raises the questions of when this may 
occur in an individual’s lifetime. Finally, the presence of a prominent dorsal rim area 
and yet no evidence of its use in polarised light detection has raised many more 
questions about the role of such a structure in insect vision. It appears clear that the 
visual system of C. consobrinus provides many opportunities for further study, and that 
this system does not bind the activity patterns of this species, capable of being active 
during the day and night. What then are the factors that restrict species to particular 
niches?
6.2 OUTLOOK
This study has raised many potential avenues for further research.
The Banded Sugar ant is active across a wide range of temperatures and light 
intensities demonstrating a tolerance for different environmental conditions. What 
remains to be determined, however, is to what extent this is driven by any biotic
127
factors, such as competition or predation. Would Camponotus consobrinus become 
active earlier if they encountered less competition with other species at the food 
source? Indeed, is there any direct competition for food sources and is it with dominant 
species that outcompete C. consobrinus? During navigation, it was ascertained that 
visual information is an important cue for this species, but what parts of the visual 
scene is C. consobrinus utilising? Does the complexity of the visual scene promote the 
suppression of a path integrator during displacements, and how does the stability of 
that scene affect such decisions? The prominent dorsal rim area still remains 
unexplained and could it be that this area is utilised in navigation not as a celestial 
compass, but to increase contrast of canopy structure against the polarised evening 
skylight? Further, relating to navigation and learning, some tandem pairs are seen to 
perform short trips that circle back to the nest, are these a type of learning walk? The 
looping behaviour of some tandem recruits and not others also remains intriguing, what 
triggers the loops in some but not others? Are the loops a searching behaviour or are 
they a form of learning walk?
The results in this thesis have made significant contributions towards the 
understanding of activity patterns, navigation, recruitment and visual systems of ants. 
The demonstration of a species of ant that does not rely on path integration for 
navigation highlights the role of the natural environment in determining the choice of 
navigational mechanisms depending on the navigational information content of 
habitats. This raises an interesting question, is this experience-dependent or a species- 
specific behaviour.
This study adds to the growing body of evidence that shows how habitat 
complexity interacts with navigational strategies, with C. consobrinus providing an 
extreme example with a lack of path integration. These findings also provide many 
opportunities to contribute to modelling studies of navigation and recruitment (e.g. 
Cheung, 2014; Cheung et al., 2012). The evidence I found that experienced individuals 
can act as recruits and the importance of visual cues in the navigation of naive recruits 
has shed some light on this unusual recruitment behaviour. It would be interesting to 
monitor recruits as they reach goals in the trees, but it would also be interesting to 
determine how tandems are formed in the first place, given the great flexibility seen in 
pairings of C. consobrinus. Lastly, the Banded Sugar Ant is another example of an 
invertebrate with apposition compound eyes active during non-ideal visual conditions. 
Anatomically C. consobrinus does possess very large rhabdoms that are typical for 
night-active hymenoptera, but they do not have unusually large lenses. Banded Sugar 
ants have a pupillary mechanism, as do other crepuscular species (e.g. Menzi, 1987; 
Narendra et al., 2013a), to help cope with drastic changes in ambient light levels, which
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means that in C. consobrinus, their compound eyes do not limit their activity patterns to 
low-light environments. Together, these findings highlight the importance of the life 
history of a species, how the information content of an environment shapes behavioural 
and anatomical features, and that results should be interpreted in the context of a 
species natural habitat.
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